1 * . . it.*  1 • ' *;  • - ' « • ' 


H U - 5 ; W.mi 


fS.  1 ■ 


KDHARP  (R)  OP  B AN 

i'ummii.ir. 

•*  jriK/ 

r/ontrrz 


Digitized  by  Google 


Digitized  by  Google 


DIFFERENTIAL  EQUATIONS. 


CAMBRIDGE  : 


PRINTED  BT  C.  J.  CLAY,  M.A.  AT  THB  TJNIYBRSITY  PRESS. 


Digitized  by  Google 


A TREATISE 


ON 

DIFFERENTIAL  EQUATIONS. 


BY 

GEORGE  BOOLE,  F.R.S. 

PBOFE8SOR  OF  MATHEMATICS  IN  THE  QUEEN'S  UNIVERSITY,  IRELAND, 
HONORARY  MEMBER  OF  THE  CAMBRIDGE  PHILOSOPHICAL  SOCIETY. 


/.  4 


V 


Sty?  'v'\ 

fj:  \ i 


©ambrfoge : 

MACMILLAN  AND  CO. 

AND  23,  HENRIETTA  STREET,  COVENT  GARDEN,  LONDON. 

1859. 


[27k  right  of  Translation  U reserved.] 


Digitized  by  Google 


PREFACE. 


I HAVE  endeavoured,  in  the  following  treatise,  to  convey 
as  complete  an  account  of  the  present  state  of  knowledge  on 
the  subject  of  Differential  Equations,  as  was  consistent  with 
the  idea  of  a work  intended,  primarily,  for  elementary  instruc- 
tion. It  was  my  object,  first  of  all,  to  meet  the  wants  of  those 
who  had  no  previous  acquaintance  with  the  subject,  but  I also 
desired  not  quite  to  disappoint  others  who  might  seek  for  more 
advanced  information.  These  distinct,  but  not  inconsistent 
aims  determined  the  plan  of  composition.  The  earlier  sections 
of  each  chapter  contain  that  kind  of  matter  which  has  usually 
been  thought  suitable  for  the  beginner,  while  the  latter  ones 
are  devoted  either  to  an  account  of  recent  discovery,  or  to  the 
discussion  of  such  deeper  questions  of  principle  as  are  likely  to 
present  themselves  to  the  reflective  student  in  connexion  with 
the  methods  and  processes  of  his  previous  course.  An  appen- 
dix to  the  table  of  contents  will  shew  what  portions  of  the 
work  are  regarded  as  sufficient  for  the  less  complete,  but  still 
not  unconnected  study  of  the  subject. 

The  principles  which  I have  kept  in  view  in  carrying  out 
the  above  design,  are  the  following : 

1st,  In  the  exposition  of  methods  I have  adhered  as  closely 
as  possible  to  the  historical  order  of  their  development. 

I presume  that  few  who  have  paid  any  attention  to  the 
history  of  the  Mathematical  Analysis,  will  doubt  that  it  has 
been  developed  in  a certain  order,  or  that  that  order  has  been, 
to  a great  extent,  necessary — being  determined,  either  by  steps 
of  logical  deduction,  or  by  the  successive  introduction  of  new 
ideas  and  conceptions,  when  the  time  for  their  evolution  had 
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arrived.  And  these  are  causes  which  operate  in  perfect  har- 
mony. Each  new  scientific  conception  gives  occasion  to  new 
applications  of  deductive  reasoning;  but  those  applications 
may  be  only  possible  through  the  methods  and  the  processes 
which  belong  to  an  earlier  stage. 

Thus,  to  take  an  illustration  from  the  subject  of  the  follow- 
ing work, — the  solution  of  ordinary  simultaneous  differential 
equations  properly  precedes  that  of  linear  partial  differential 
equations  of  the  first  order ; and  this,  again,  properly  precedes 
that  of  partial  differential  equations  of  the  first  order  which  are 
not  linear.  And  in  this  natural  order  were  tire  theories  of 
these  subjects  developed.  Again,  there  exist  large  and  very 
important  classes  of  differential  equations  the  solution  of  which 
depends  on  some  process  of  successive  reduction.  Now  such 
reduction  seems  to  have  been  effected  at  first  by  a repeated 
change  of  variables ; afterwards,  and  with  greater  generality, 
by  a combination  of  such  transformations  with  others  involv- 
ing differentiation  ; last  of  all,  and  with  greatest  generality,  by 
symbolical  methods.  I think  it  necessary  to  direct  attention 
to  instances  like  these,  because  the  indications  which  they 
afford  appear  to  me  to  have  been,  in  some  works  of  great 
ability,  overlooked,  and  because  I wish  to  explain  my  motives 
for  departing  from  the  precedent  thus  set. 

Now  there  is  this  reason  for  grounding  the  order  of  exposi- 
tion upon  the  historical  sequence  of  discovery,  that  by  so 
doing  we  are  most  likely  to  present  each  new  form  of  truth  to 
the  mind,  precisely  at  that  stage  at  which  the  mind  is  most 
fitted  to  receive  it,  or  even,  like  that  of  the  discoverer,  to  go  forth 
to  meet  it.  Of  the  many  forms  of  false  culture,  a premature 
converse  with  abstractions  is  perhaps  the  most  likely  to  prove 
fatal  to  the  growth  of  a masculine  vigour  of  intellect. 

In  accordance  with  the  above  principles  I have  reserved 
the  exposition,  and,  with  one  unimportant  exception,  the  ap- 
plication of  symbolical  methods  to  the  end  of  the  work.  The 
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propriety  of  this  course  appears  to  me  to  be  confirmed  by  an 
examination  of  the  actual  processes  to  which  symbolical 
methods,  as  applied  to  differential  equations,  lead.  Generally 
speaking,  these  methods  present  the  solution  of  the  proposed 
equation  as  dependent  upon  the  performance  of  certain  inverse 
operations.  I have  endeavoured  to  shew  in  Chap.  XVI.,  that 
the  expressions  by  which  these  inverse  operations  are  symbol- 
ized are  in  reality  a species  of  interrogations,  admitting  of 
answers,  legitimate,  but  differing  in  species  and  character  ac- 
cording to  the  nature  of  the  transformations  to  which  the 
expressions  from  which  they  are  derived  have  been  subjected. 
The  solutions  thus  obtained  may  be  particular  or  general, — 
they  may  be  defective,  wholly  or  partially,  or  complete  or 
redundant,  in  those  elements  of  a solution  which  are  termed 
arbitrary.  If  defective,  the  question  arises  how  the  defect 
is  to  be  supplied;  if  redundant,  the  more  difficult  question 
whether  the  redundancy  is  real  or  apparent,  and  in  either 
case  how  it  is  to  be  dealt  with,  must  be  considered.  And 
here  the  necessity  of  some  prior  acquaintance  with  the  things 
themselves,  rather  than  with  the  symbolic  forms  of  their  ex- 
pression, must  become  apparent.  The  most  accomplished  in 
the  use  of  symbols  must  sometimes  throw  aside  his  abstrac- 
tions and  resort  to  homelier  methods  for  trial  and  verification 
— not  doubting,  in  so  doing,  the  truth  which  lies  at  the  bottom 
of  his  symbolism,  but  distrusting  his  own  powers. 

The  question  of  the  true  value  and  proper  place  of  symboli- 
cal methods  is  undoubtedly  of  great  importance.  Their  con- 
venient simplicity — their  condensed  power — must  ever  consti- 
tute their  first  claim  upon  attention.  I believe  however  that, 
in  order  to  form  a just  estimate,  we  must  consider  them  in 
another  aspect,  viz.  as  in  some  sort  the  visible  manifestation 
of  truths  relating  to  the  intimate  and  vital  connexion  of 
language  with  thought — truths  of  which  it  may  be  presumed 
that  we  do  not  yet  see  the  entire  scheme  and  connexion.  But, 
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while  this  consideration  vindicates  to  them  a high  position,  it 
seems  to  me  clearly  to  define  that  position.  As  discussions 
about  words  can  never  remove  the  difficulties  that  exist  in 
things,  so  no  skill  in  the  use  of  those  aids  to  thought  which 
language  furnishes  can  relieve  us  from  the  necessity  of  a prior 
and  more  direct  study  of  the  things  which  are  the  subjects 
of  our  reasonings.  And  the  more  exact,  and  the  more  com- 
plete, that  study  of  things  has  been,  the  more  likely  shall 
we  be  to  employ  with  advantage  all  instrumental  aids  and 
appliances. 

But  although  I have,  for  the  reasons  above  mentioned, 
treated  of  symbolical  methods  only  in  the  latter  chapters  of 
the  work,  1 trust  that  the  exposition  of  them  which  is  there 
given  will  repay  the  attention  of  the  student.  I have  endea- 
voured to  supply  what  appeared  to  me  to  be  serious  defects  in 
their  logic,  and  I have  collected  under  them  a large  number  of 
equations,  nearly  all  of  which  are  important,— from  their  con- 
nexion with  physical  science  or  for  other  reasons. 

2ndly,  I have  endeavoured,  more  perhaps  than  it  has  been 
usual  to  do,  to  found  the  methods  of  solution  of  differential 
equations  upon  the  study  of  the  modes  of  their  formation.  In 
principle,  this  course  is  justified  by  a consideration  of  the  real 
nature  of  inverse  processes,  the  laws  of  which  must  be  ulti- 
mately derived  from  those  of  the  direct  processes  to  which 
they  stand  related ; in  point  of  expediency  it  is  recommended 
by  the  greater  simplicity,  and  even  in  some  instances  by  the 
greater  generality,  of  the  demonstrations  to  which  it  leads.  I 
would  refer  particularly  to  the  demonstration  of  Monge’s 
method  for  the  solution  of  partial  differential  equations  of  the 
second  order  given  in  Chap.  xv. 

With  respect  to  the  sources  from  which  information  has 
been  drawn,  it  is  proper  to  mention  that,  on  questions  re- 
lating to  the  theory  of  differential  equations,  my  obligations 
are  greatest  to  Lagrange,  Jacobi,  Cauchy,  and,  of  living 
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writers,  to  Professor  De  Morgan.  For  methods  and  exam- 
ples, a very  large  number  of  memoirs  English  and  foreign 
have  been  consulted : these  are,  for  the  most  part,  acknow- 
ledged. At  the  same  time  it  is  right  to  add  that,  in  almost 
every  part  of  the  work,  I found  it  necessary  to  engage  more  or 
less  in  original  investigation,  and  especially  in  those  parts 
which  relate  to  Riccati’s  equation,  to  integrating  factors,  to 
singular  solutions,  to  the  inverse  problems  of  Geometry  and 
Optics,  to  partial  differential  equations  both  of  the  first  and 
second  order,  and,  as  has  already  been  intimated,  to  symboli- 
cal methods.  The  demonstrations  scattered  through  the  work 
are  also  many  of  them  new,  at  least  in  form. 

In  recent  years  much  light  has  been  thrown  on  certain 
classes  of  differential  equations  by  the  researches  of  Jacobi 
on  the  Calculus  of  Variations,  and  of  the  same  great  analyst, 
with  Sir  W.  It.  Hamilton  and  others,  on  Theoretical  Dy- 
namics. I have  thought  it  more  accordant  with  the  design 
of  an  elementary  treatise  to  endeavour  to  prepare  the  way 
for  this  order  of  inquiries  than  to  enter  systematically  upon 
them.  This  object  has  been  kept  in  view  in  the  writing  of 
various  portions  of  the  following  work,  and  more  particularly 
of  that  which  relates  to  partial  differential  equations  of  the 
first  order. 


GEORGE  BOOLE. 


Queen’s  College,  Cork, 
February,  1859. 
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CHAPTER  I. 

OF  THE  NATURE  AND  ORIGIN  OF  DIFFERENTIAL  EQUATIONS. 


1.  What  is  meant  by  a differential  equation? 

To  answer  this  question  we  must  revert  to  the  fundamental 
conceptions  of  the  Differential  Calculus. 

The  Differential  Calculus  contemplates  quantity  as  subject 
to  variation ; and  variation  as  capable  of  being  measured.  In 
comparing  any  two  variable  quantities  x and  y connected  by 
a known  relation,  e.  g.  the  ordinate  and  abscissa  of  a given 
curve,  it  defines  the  rate  of  variation  of  the  one,  y,  as  referred 
to  that  of  the  other,  x,  by  means  of  the  fundamental  con- 
ception of  a limit;  it  expresses  that  ratio  by  a differential 

coefficient  -y- ; and  of  that  differential  coefficient  it  shews  how 
ax 

to  determine  the  varying  magnitude  or  value.  Or,  again,  con- 
sidering ^ as  a new  variable,  it  seeks  to  determine  the  rate 

of  its  variation  as  referred  to  the  same  fixed  standard,  the 
variation  of  x,  by  means  of  a second  differential  coefficient 

, and  so  on.  But  in  all  its  applications,  as  well  as  in  its 

theory  and  its  processes,  the  primitive  relation  between  the 
variables  x and  y is  supposed  to  be  known. 

In  the  Integral  Calculus,  on  the  other  hand,  it  is  the  rela- 
tion among  the  primitive  variables,  x,  y,  &c.  which  is  sought. 
In  that  branch  of  the  Integral  Calculus  with  which  the  student 
is  supposed  to  be  already  familiar,  the  differential  coefficient 

dy 

^ being  given  in  terms  of  the  independent  variable  x,  it  is 
B.  D.  E.  1 
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proposed  to  determine  the  most  general  relation  between  y 
and  x.  Expressing  the  given  relation  in  the  form 


(1), 


the  relation  sought  is  exhibited  in  the  form 
y = f(f>  (x)  dx  + c, 

where  the  symbol  / denotes  a certain  process  of  integration, 
the  study  of  the  various  forms  and  conditions  of  which  is, 
in  a peculiar  sense,  the  object  of  this  part  of  the  Integral 
Calculus. 


In  (1)  we  have  a particular  example  of  an  equation  in  the 
expression  of  which  a differential  coefficient  i3  involved.  But 

instead  of  having  as  in  that  example  expressed  in  terms  of 

x,  we  might  have  that  differential  coefficient  expressed  in  terms 
of  y,  or  in  terms  of  x and  y.  Or  we  might  have  an  equation 

d3u 

in  which  differential  coefficients  of  a higher  order,  , 

&c.,  were  involved,  with  or  without  the  primitive  variables. 
All  these  including  (1)  are  examples  of  differential  equations. 
The  essential  character  consists  in  the  presence  of  differential 
coefficients. 


The  equations 


^ + 2-^  = 0 
dxt+dx 


(2), 


x 1 


dy 

dx 


+ y = sin  x 


(3), 


are  seen  to  be  differential  equations,  the  latter  of  which  con- 
tains, while  the  former  does  not  contain,  the  primitive  vari- 
ables. 

And  thus  we  are  led  to  the  following  definition. 


Def.  A differential  equation  is  an  expressed  relation  in- 
volving differential  coefficients , with  or  without  the  primitive 
variables  from  which  those  differential  coefficients  are  derived . 
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That  which  gives  to  the  study  of  differential  equations  its 
peculiar  value,  is  the  circumstance  that  many  of  the  most  im- 
portant conceptions  of  Geometry  and  Mechanics  can  only  he 
realized  in  thought  hy  means  of  the  fundamental  conception 
of  the  limit.  When  such  is  the  case,  the  only  adequate  ex- 
pression of  those  conceptions  in  language  is  through  the  me- 
dium of  differential  coefficients, — the  only  adequate  expression 
of  the  truths  and  relations  of  which  they  are  the  subjects  is  in 
the  form  of  differential  equations. 


Species,  Order  and  Degree. 

2.  The  species  of  differential  equations  are  determined 
either  by  the  mode  in  which  differential  coefficients  enter  into 
their  composition,  or  by  the  nature  of  the  differential  coeffi- 
cients themselves.  We  may  thus  distinguish  two  great  pri- 
mary classes  of  differential  equations,  viz. : 

1st.  Ordinary  differential  equations,  or  those  in  which  all 
the  differential  coefficients  involved  have  reference  to  a single 
independent  variable. 

2ndly.  Partial  differential  equations,  characterized  by  the 
presence  of  partial  differential  coefficients,  and  therefore  in- 
dicating the  existence  of  two  or  more  independent  variables 
with  respect  to  which  those  differential  coefficients  have  been 
formed. 


Thus  an  equation  such  as  (2)  or  (3),  involving  no  other 

• • • dy  d^y  • • • 

differential  coefficients  than  , &c.  is  an  ordinary  dif- 

ferential equation,  in  which  x is  the  independent,  y the  de- 

• • dz  dz 

pendent  variable.  An  equation  involving  ~ and  -j-  would, 

on  the  contrary,  be  a partial  differential  equation,  having  z 
for  its  dependent,  x and  y for  its  independent  variables.  The 
dz  dz 

equation  cc^,  + y^  = zisa  partial  differential  equation. 

The  present  chapter  will  be  chiefly  devoted  to  the  con- 
sideration of  that  class  of  ordinary  differential  equations  in 

1—2 
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which  there  exists  a single  independent  variable  x , a single 
dependent  variable  y,  and  one  or  more  of  the  differential 
coefficients  of  y taken  with  respect  to  x ; the  presence  of  the 
last  element  only,  viz.  the  differential  coefficient,  being  essen- 
tial (Art.  1). 

The  two  following  equations,  in  addition  to  those  already- 
given,  will  exemplify  some  of  the  chief  varieties  of  the  species 
under  consideration : 


In  (4)  the  independent  variable  x,  the  dependent  variable 

(I'll  • 

y,  and  the  differential  coefficient  — are  all  involved;  but, 

while  in  the  previous  examples  ^ appears  only  in  the  first 

degree,  in  the  present  one  it  appears  in  the  second  degree 
ana  under  a radical  sign.  In  (5)  we  meet  with  the  second 

d‘v 

differential  coefficient  in  addition  to  the  first  differential 

coefficient  ^ and  the  independent  variable  x. 

The  typical  or  general  form  of  a differential  equation  of  the 
species  just  described  is 


dy  d*y 
dx  * da?* 


= 0 


(6), 


with  the  condition,  already  referred  to,  that  one  at  least  of  the 
differential  coefficients  must  explicitly  present  itself.  All  the 
above  equations  may  at  once  be  referred  to  the  typical  form 
by  transposition  of  their  second  member. 
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3.  Differential  Equations  are  ranked  in  order  and  degree 
according  to  the  following  principles. 

1st.  The  order  of  a differential  equation  is  the  same  as 
the  order  of  the  highest  differential  coefficient  which  it  con- 
tains. 


2ndly.  The  degree  of  a differential  equation  is  the  same 
as  the  degree  to  which  the  differential  coefficient  which  marks 
its  order  is  raised,  that  coefficient  being  supposed  to  enter  into 
the  equation  in  a rational  form. 

Thus  the  equation 


$)■+«  * 
dxj  dx 


= b, 


is  of  the  first  order  and  of  the  second  degree. 
The  equation 

d2y  dy  , , 

3Z+a3i+ly 


is  of  the  second  order  and  of  the  first  degree. 
The  equation 


reduced  to  the  rational  form 

(1_aS)@)+2a3'5f"1“0 (8)’ 

is  seen  to  be  of  the  first  order  and  second  degree. 

The  ground  of  the  preference  which  is  to  be  given  to 
rational  forms  in  the  expression  and  in  the  classification  of 
differential  equations  is,  that  a rational  form  is  at  the  same 
time  the  most  general  form  of  which  an  equation  is  sus- 
ceptible. Thus  (8)  includes  both  the  equations  which  would 
be  formed  by  giving  different  signs  to  the  radical  in  (7). 

The  typical  form  of  an  ordinary  differential  equation  of  the 
first  order  is  evidently 

f{x’y’  l)=0 (9)- 
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4.  When  a differential  equation  is  capable  of  being  ex- 
pressed in  the  form 


, y 'i  u y 

' -^1  + -“-s 


dx' 


<?'ly  | Y O' 

dx'~ 1 + 2 


+x^=x. 


(io), 


in  which  the  coefficients  Xlt  Xt ...  Xn  and  the  second  member 
X are  either  constant  quantities  or  functions  of  the  indepen- 
dent variable  x only,  the  equation  is  said  to  be  linear.  Equa- 
tions (1),  (2)  and  (3)  are  thus  seen  to  be  linear,  but  (4)  and  (5) 
are  not  linear.  If  we  refer  (3),  after  dividing  both  members 
by  x%,  to  the  general  form  (10),  we  have 


* = 2,  Xl  = -x, 


X 


sin  x 


When  the  coefficients  X0  Xt,  &c.  in  the  first  member  of  a 
linear  differential  equation  referred  to  the  above  general  typo 
are  constant  quantities,  the  equation  is  defined  as  a linear 
differential  equation  with  constant  coefficients.  When  those 
coefficients  are  not  all  constant  it  is  defined  as  a linear  dif- 
ferential equation  with  variable  coefficients.  The  distinction 
is  illustrated  in  the  following  examples : 


2;§+5§r83'=s'“*’ 


(1~^)al_*;l+4i'=C0S3:’ 


the  former  of  which  is  a linear  differential  equation  with 
constant  coefficients,  while  the  latter  would  be  described  as 
a linear  differential  equation  with  variable  coefficients. 


Meaning  of  the  terms  * general  solution,'  ‘ complete  primitive.' 

5.  In  all  differential  equations  there  is,  as  has  been  seen, 
an  implied  reference  to  some  relation  among  variable  quantities 
dependent  and  independent ; such  reference  being  established 
through  the  medium  of  differential  coefficients.  Now  the  chief 
object  of  the  study  of  differential  equations  is  to  enable  us  to 
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determine  whenever  it  is  possible,  and  in  the  most  general 
manner  which  is  possible,  such  implied  relation  among  the 
primitive  variables.  That  relation,  when  discovered,  is,  by 
the  adoption  of  a term  primarily  applicable  to  the  mode  or 
process  of  its  discovery,  called  the  solution  of  the  equation. 

Thus  if  the  given  equation  be 


dy 

X dx+  C0S  X 


(11),  * 


the  following  process  of  solution  may  be  adopted.  Multiply- 
ing by  dx,  we  have 

xdy  + ydx  — cos  xdx, 

and  integrating,  since  each  member  is  an  exact  differential, 

xy  = sin  x + c (12). 

The  result  is  termed  the  solution,  or,  still  more  definitely,  the 
general  solution  of  the  equation.  It  involves  an  arbitrary 
constant,  c,  by  giving  particular  values  to  which  a series  of 
particular  solutions  is  obtained.  The  equations 

xy  — sin  x, 

xy  = sin  a;  + 1, 

are  particular  solutions  of  the  given  differential  equation. 


The  term  solution  is  still  employed,  even  when  the  inte- 
gration necessary  in  order  to  obtain  in  a finite  and  explicit 
form  the  relation  between  the  variables  cannot  be  effected. 
Thus  if  we  had  the  differential  equation, 

x^-y-xex  = 0 (13), 

we  should  thence  derive  in  succession 
xdy  — ydx  ddx 


+ c 


(14), 
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and  the  last  result  is  called  the  solution  of  the  given  equation, 
although  it  involves  an  integration  which  cannot  be  performed 
in  finite  terms. 

The  relation  among  the  variables  which  constitutes  the 
general  solution  of  a differential  equation,  as  above  described, 
is  also  termed  its  complete  primitive.  The  relation  (14)  in- 
volving the  arbitrary  constant  c is  virtually  the  complete 
primitive  of  the  differential  equation  (13).  It  will  be  observed 
that  the  terms  ‘ general  solution’  and  ‘ complete  primitive,’ 
though  applied  to  a common  object,  have  relation  to  distinct 
processes  and  to  a distinct  order  of  thought.  In  the  strict 
application  of  the  former  term  we  contemplate  the  differential 
equation  as  prior  in  the  order  of  thought,  and  the  explicit 
relation  among  the  variables  as  thence  deduced  by  a process 
of  solution ; while  in  the  strict  use  of  the  latter  term  the  order 
both  of  thought  and  of  process  is  reversed. 


Genesis  of  Differential  Equations. 


6.  The  theory  of  the  genesis  of  differential  equations  from 
their  primitives  is  to  a certain  extent  explained  in  treatises 
on  the  Differential  Calculus,  but  there  are  some  points  of  great 
importance  relating  to  the  connexion  of  differential  equations 
thus  derived,  not  only  with  their  primitive,  but  with  each  other, 
which  need  a distinct  elucidation. 


Suppose  that  the  complete  primitive  expresses  a relation 
between  x,  y and  an  arbitrary  constant  c.  Differentiating  on 
the  supposition  that  x is  the  independent  variable,  we  obtain  a 

new  equation  which  must  involve  ~ , and  which  may  involve 


any  or  all  of  the  quantities  x,  y and  c.  If  it  do  not  involve 
c,  it  will  constitute  the  differential  equation  of  the  first  order 
corresponding  to  the  given  primitive.  If  it  involve  c,  then 
the  elimination  of  c between  it  and  the  primitive  will  lead  to 
the  differential  equation  in  question. 


Thus  if  the  complete  primitive  be 
y = cx 


(1), 
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we  have  on  differentiation, 

dy  _ 


dx 


= c 


and,  eliminating  the  constant  c, 

dy 

y=x± 


(2), 

(3)> 


the  differential  equation  of  the  first  order  of  which  (1)  is  the 
complete  primitive. 

That  primitive  might  have  been  so  prepared  as  to  lead  to 
the  same  final  equation  by  mere  differentiation.  Thus,  re- 
ducing the  primitive  to  the  form 


Ave  have  on  differentiating  and  clearing  the  results  of  fractions, 


dy 


which  agrees  with  (3).  And  generally,  if  a primitive  involving 
an  arbitrary  constant  c be  reduced  to  the  form  <J>  (x,  y)  — c, 
the  corresponding  differential  equation  will  be  obtained  by 
mere  differentiation  and  removal  of  irrelevant  factors,  i.  e.  of 

d\l 

factors  which  do  not  contain  ~ , and  do  not  therefore  affect 

dx 


the  relation  in  which 


dy 

dx 


stands  to  x and  y. 


For  it  is  in  that 


relation,  as  already  intimated,  Art.  2,  that  the  essential 
character  of  the  differential  equation  consists. 


It  is  to  be  observed  that  Avhen  the  differentiation  of  a primi- 
tive involving  an  arbitrary  constant  c does  not  alone  cause 
that  constant  to  disappear,  the  result  to  which  it  leads  is  still 
a differential  equation,  only  not  that  differential  equation  of 
Avhich  the  equation  given  constitutes  the  complete  primitive. 
Thus,  while  the  complete  primitive  of  (3)  is  (1),  that  of  (2)  is 
y = cx  + c',  c'  being  now  the  arbitrary  constant, — arbitrary 
as  being  independent  of  anything  contained  in  the  differential 
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equation.  Indeed  when  we  consider  ^ = c as  the  differential 
equation,  the  constant  c,  as  entering  into  its  complete  primitive, 


y = cx  + c, 

is  not  arbitrary,  the  value  which  it  bears  in  the  primitive 
being  determined  by  that  which  it  bears  in  the  differential 
equation. 

As  another  illustration  of  the  same  theory,  the  equation 
y = ce“*  as  complete  primitive  gives  rise  to  the  differential 
equation  of  the  first  order 

dy 


while  the  equation  immediately  derived  from  it  by  differ- 
entiation, viz.  ^ = caeaz,  has  for  its  complete  primitive 

y = ce“  + c'.  To  the  last  mentioned  differential  equation, 
y = ceax  stands  in  the  relation  of  a particular  primitive. 


Second  and  Higher  Orders. 

7.  It  is  shewn  in  the  previous  section  that  from  an  equa- 
tion containing  x and  y with  an  arbitrary  constant  c,  we  can 
by  differentiation,  and  elimination  (if  necessary)  of  that  con- 
stant, obtain  the  differential  equation  of  the  first  order,  of  which 
the  given  equation  constitutes  the  complete  primitive. 

In  like  manner  an  equation  connecting  x,  y,  and  two 
arbitrary  constants  being  given,  if  we  differentiate  twice,  and 
eliminate,  should  they  not  have  already  disappeared,  the 
arbitrary  constants,  we  shall  arrive  at  a differential  equation 
of  the  second  order  free  from  both  the  constants  in  question, 
and  of  which  the  given  equation  constitutes  the  complete 
primitive. 

Thus,  if  we  take  as  the  primitive  equation 

y = ax‘  + bx (4), 
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we  find  on  differentiation 


= 2 ax  4-  b. 
dx 


and,  eliminating  b between  these  equations, 

dy 

t — nr*  -K- 


y = x-£c-ax 


(5) , 

(6) , 


a differential  equation  of  the  first  order  firec  from  the  constant 
b.  Differentiating  this  equation  we  have 


x 


d*y 

did 


■■  2 ax, 


and,  eliminating  a between  the  last  two  equations, 


2x^-  + 2y  = 0. 
dx * dx  J 


•(7), 


a differential  equation  of  the  second  order  free  from  both 
a and  b. 


In  the  above  example  the  constant  b was  eliminated  after 
the  first  differentiation,  and  the  constant  a after  the  second. 
But  the  same  final  result  would  have  been  arrived  at  if  the 
order  of  the  eliminations  had  been  reversed.  Thus,  if  a be 
eliminated  between  (4)  and  (5),  we  shall  have 

x ic + hx  ~ 2y = °’ 


a differential  equation  of  the  first  order,  different  in  form  from 
(6),  and  involving  b instead  of  a.  But  on  differentiating  this 
equation  and  eliminating  b,  we  shall  arrive  at  the  same  final 
equation  of  the  second  order  (7). 

And  generally  the  order  in  which  the  constants  are  eliminated 
does  not  affect  the  form  of  the  final  differential  equation. 

Now  a little  consideration  will  shew  that  this  is  necessarily 
the  case.  We  are  to  remember  that  the  generality  which  the 
primitive  derives  from  the  presence  of  its  arbitrary  constants 
consists  only  in  this,  that  it  is  thus  made  to  stand  as  the 
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representative  of  an  infinite  number  of  particular  equations,  in 
each  of  which  these  constants  receive  particular  and  definite 
values.  If  in  any  one  of  the  equations  thus  particularized  we 
further  give  to  x a definite  value,  definite  values  will  also 

result  for  y,  , &c.  Thus  to  a given  abscissa  of  a 

given  curve,  i.  e.  of  a curve  determined  as  to  its  species  by  the 
form  of  its  equation,  and  as  to  its  elements  by  the  values  of  the 
constants  in  that  equation,  correspond  only  definite  values  of  the 
ordinate  y determining  the  corresponding  points  of  the  curve, 

definite  values  of  determining  the  inclination  of  the  tan- 
gents at  such  points  to  the  axis  of  x,  and  definite  values  of 
determining,  in  conjunction  with  the  former,  the  measure  of 

curvature  at  the  same  points.  In  other  words,  the  species  of  the 

curve  as  defined  by  an  equation  of  the  form  <f>  (x,  y,  a,  b)  = 0 

. dij  d2i! 

being  fixed,  the  values  of  y,  ^ have  a fixed  dependence 

on  those  of  a,  b and  x. 


And  hence  the  equation  <f>  (x,  y,  a,  b)  = 0 being  given,  any 
processes  of  differentiation,  elimination,  &c.  applied  thereto  can 
only  serve,  either  1st,  to  bring  out  or  manifest  the  dependence 
above  referred  to,  or  2ndly,  to  modify  the  accidental  form  of  its 
expression ; but  in  no  sense  to  create  such  dependence  or  affect 

its  real  nature.  Now  this  dependence  of  y,  upon  a,  b, 

and  x,  involves  the  existence  of  three  equations  among  six 
quantities.  Therefore  the  elimination  which  thus  becomes 
possible  of  two  of  those  quantities,  a,  b,  must  leave  a single 

final  relation  between  the  remaining  four,  x,  y,  <~ , . 

And  this  is  the  differential  equation  in  question. 

As  another  example,  let  us  eliminate  the  arbitraiy  constants 
c and  c from  the  equation 


y = ce“*  + c'e ' 


.(8). 
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Differentiating  we  have 

^ = ace™  + bcd'x 
ax 


(9). 


To  eliminate  c subtract  from  this  equation  the  primitive 
(8)  multiplied  by  a ; we  have 


dy 

dx 


— ay  = {b  — a)  cebx 


(10). 


Again,  differentiating 


dx 1 dx 


= b(b  — a ) cV'r, 


and  (to  eliminate  c ) subtracting  from  this  the  previous  equa- 
tion multiplied  by  b,  we  have 


■(H). 


the  differential  equation  of  the  second  order  required. 

If  we  had  first  eliminated  c we  should  in  the  place  of  (10) 
have  obtained  the  equation 

<&-by={a-b)cenz (12). 

Differentiating  this  and  eliminating  c we  again  obtain  the 
same  final  result  (11). 

That  result  is  a differential  equation  of  the  second  order,  and 
(8),  involving  both  the  arbitrary  constants  c and  c,  is  its  com- 
plete primitive.  The  intermediate  equations  (10)  and  (12),  each 
of  which  contains  one  of  the  arbitrary  constants,  and  from 
each  of  which,  by  the  elimination  of  that  constant,  the  final 
differential  equation  maybe  derived,  are  its  first  integrals.  As 
the  term  primitive  has  reference  to  the  direct  processes  of 
differentiation,  &c.  by  which  a differential  equation  is  formed, 
the  term  integral  has  reference  to  the  inverse  process  of 
integration  by  which  we  reascend  from  a differential  equation 
to  its  primitive.  Considered  with  reference  to  these  processes 
the  primitive  is  sometimes  termed  the  final  integral. 
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It  has  been  shewn  that  the  order  of  succession  in  which 
arbitrary  constants  are  eliminated  is  indifferent.  It  may  be 
added,  and  upon  the  same  ground,  that  the  elimination  may 
be  simultaneous.  If  we  write  the  primitive  (8)  in  the  form 

y — ce  — c e = U, 
and  differentiate  it  twice,  we  have 

— — ace®*  — bc'e”*  = 0, 
ax 

p. ;_a*ce“-&Ve“  = 0, 
ax 

and,  from  the  above  system  of  three  equations  eliminating  the 
constants  c and  c by  the  method  of  cross-multiplication,  we 
again  arrive  at  the  final  differential  equation  of  the  second 
order  (11). 


8.  The  above  examples  prepare  us  for  the  general  state- 
ment of  the  theory  of  the  genesis  of  differential  equations. 
Let  F (x,  y,  c,,  c2, ...  c„)  =0  be  a primitive  equation  between 
x and  y involving  n arbitrary  constants  cv  c2,...c„.  Differen- 
tiating with  respect  to  x,  and  regarding  y as  a function  of  x, 
we  obtain  directly,  or  by  elimination  of  c„  an  equation  of  the 
first  order  of  the  form 

$1  ( x>  yi  > c»>  cs»  •••  c»)  =o> 


Differentiating  this  equation  with  respect  to  x,  and  regarding 
y and  ^ as  functions  of  that  quantity,  we  obtain  directly,  or 


by  elimination  of  c3,  an  equation  of  the  second  order  of  the 
general  form 


Py 


C8> 


„)  =o. 


Continuing  the  process,  we  arrive  at  a final  result  of  the 
form 


( d 
(*>  * d 


dy 

dx’ 


Py 

did 


<ry\ 

dxV 


= 0. 
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Now  this  is  the  type  of  an  ordinary  differential  equation  of 
the  74th  order,  (6),  Art.  2. 

As,  in  the  above  process  of  differentiation  and  elimination, 
we  might  have  begun  by  eliminating  any  other  of  the  con- 
stants instead  of  cv  it  follows  that  to  a primitive  containing 
n arbitrary  constants  there  belong  n differential  equations  of 
the  first  order,  each  involving  n — 1 arbitrary  constants.  But 
as  those  differential  equations  are  all  formed  by  mere  pro- 
cesses of  elimination  from  two  equations,  viz.  from  the  primi- 
tive and  its  first  derived  equation,  two  only  of  them  are 
independent.  Again,  as  the  differential  equations  of  the 
second  order  are  formed  by  eliminating  two  of  the  constants 

7l> 1 • • 

rlt  ca,  ...  c„,  and  as  from  n constants,  n. — - — combinations 

& 


of  two  constants  can  be  selected,  it  is  seen  that  there  will 

71 1 9 9 

exist  n — — differential  equations  of  the  second  order,  each 


containing  n — 2 arbitrary  constants.  Of  these  equations 
three  only  will  however  be  independent,  the  whole  system 
being  derived  actually  or  virtually  from  the  primitive  and  its 
first  and  second  derived  equations; — actually  if  we  differen- 
tiate twice  before  eliminating;  virtually  if  each  differentiation 
is  followed  by  the  elimination  of  a constant. 

This  process  of  deduction  continued  leads  to  the  following 
general  theorems,  viz. : 


1st.  To  a given  primitive  involving  x,  y,  and  n arbitrary 

17  « (n-  1)  (n  — 2)  ...  (n  — 2 + 1)  7>ir  ,.7 

constants  belong  — -f differential 

equations  of  the  rih  order  (r  being  any  whole  number  less  than 
n),  each  involving  n — r arbitrary  constants,  but  of  those  equa- 
tions r + 1 only  will  be  independent. 


2nd.  There  will  exist  one  differential  equation  of  the  71th 
order  free  from  arbitrary  constants. 

The  converse  of  the  latter  truth,  viz.  that  a differential 
equation  of  the  77th  order  implies  the  existence  of  a complete 
primitive  involving  n arbitrary  constants,  will  be  established 
in  a future  page. 
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Criterion  of  derivation  from  a common  primitive. 


9.  It  is  established  in  Art.  7,  1st,  that  from  a primitive 
equation  involving  two  arbitrary  constants  arise  two  differen- 
tial equations  of  the  first  order,  each  involving  one  of  those 
constants ; 2ndly,  that  each  of  these  differential  equations  of 
the  first  order  gives  rise  to  the  same  differential  equation  of 
the  second  order,  of  which  the  original  equation  constitutes 
the  complete  primitive  or  final  integral. 

The  second  of  the  properties  above  noted  constitutes  a 
criterion  by  which  it  may  be  determined  whether  two  dif- 
ferential equations  of  the  first  order,  each  involving  an  arbi- 
trary constant,  originate  from  the  same  primitive.  We  must 
differentiate  each  equation,  and  then  eliminate  its  arbitrary 
constant.  If  the  two  results  agree  as  differential  equations  of 

d'v 

if  they  give  the  same  value  of 
• du 

as  a function  of  x,  y,  and  ~ , the  differential  equations  of  the 
first  order  must  have  originated  in  the  same  primitive.  Fur- 
thermore, that  primitive  will  be  obtained  by  eliminating 
between  the  two  differential  equations  given. 

Ex.  The  differential  equations  of  the  first  order 


the  second  order,  i.  e. 


3,|-a*  = 0 


y 


dy  t 
~^dx=l 


(1), 


(2), 


are  both  derived  from  the  same  primitive.  Each  of  them 
leads  on  differentiation  and  elimination  of  its  arbitrary  con- 
stant to  the  differential  equation  of  the  second  order, 


d?y 

xr^+x 


(!)’ 


.(3). 
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The  primitive,  found  by  eliminating  ^ from  the  given 
equations,  is 

yl-a£  = b (4), 

a and  b being  arbitrary  constants. 


10.  The  differential  equations  of  the  first  order  which 
constitute  the  first  integrals  (Art.  7)  of  a differential  equation 
of  the  second  order  (as,  in  the  above  example,  (1)  and  (2) 
are  first  integrals  of  (3)),  may  by  algebraic  solution  be  reduced 
to  the  forms 

*(x,y’  s)  = “ (5)- 


*{x’y’^i)=h «• 

Now  a function  of  the  arbitrary  constants  a and  b,  as  <J>  (a,  b), 
is  itself  an  arbitrary  constant,  and  may  be  represented  by  C. 
Hence  any  equation  of  the  form 


would,  equally  with  (5)  and  (6),  constitute  a first  integral  of 
the  supposed  equation  of  the  second  order.  It  is  evident  that 
(7)  is  the  general  type  of  all  such  first  integrals. 

Thus  the  type  of  the  first  integrals  of  (3)  would  be 


But  any  two  first  integrals  included  under  this  type  and  in- 
dependent of  each  other  would  lead  us,  as  is  obvious,  to  the 
same  final  integral  (4),  either  under  its  actual  or  under  an 
equivalent  form. 

While  therefore,  viewed  as  an  independent  system,  the  first 
integrals  of  a differential  equation  of  the  second  order  are  but 
B.  D.  E.  2 
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two,  it  is  formally  more  correct  to  regard  them  as  infinite  in 
number,  but  as  so  related  that  any  two  of  them  which  are 
independent  contain  by  implication  all  the  rest. 

Such  considerations  are  easily  extended  to  differential 
equations  of  the  higher  orders. 


Geometrical  illustrations. 

11.  Geometry,  by  its  peculiar  conceptions  of  direction, 
tangeney,  and  curvature,  all  developed  out  of  the  primary 
conception  of  the  limit,  Art.  1,  throws  much  light  on  the 
nature  of  differential  equations. 

As  the  simplest  illustration  let  the  equation  of  a straight 
line 

y = ax  + b (1) 

be  taken  as  the  complete  primitive,  a and  b being  arbitrary 
constants. 

Differentiating,  we  have 

(2). 


dy 

dx 


Eliminating  a,  we  find 


and  again  differentiating 


<?y_ 


dx ' 


= 0 


(3), 


Of  these  equations,  (4),  which  is  free  from  arbitrary  con- 
stants, is  the  general  differential  equation  of  the  second  order 
of  a straight  line;  and  (2)  and  (3),  each  of  which  contains  one 
of  the  original  arbitrary  constants,  are  the  two  differential 
equations  of  the  first  order.  Moreover,  each  of  these  dif- 
ferential equations  expresses  some  general  property  of  the 
straight  line — (2),  that  its  inclination  to  the  axis  is  uniform  ; 
(3),  that  any  vertical  intercept  between  the  straight  line 
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and  a parallel  through  the  origin  will  he  of  constant  length ; 
(4),  that  a straight  line  is  nowhere  either  convex  or  concave ; — 
and  this  property,  which  does  not  involve,  in  the  same  definite 
manner  as  the  others  do,  the  considerations  of  distance  and  of 
angular  magnitude,  is  evidently  the  most  absolute  of  the 
three. 

The  equation  of  the  circle  is 

(®-a)2  + (y-5)*  = r* (5), 

and  if  we  regard  a and  i as  arbitrary  constants  the  corre- 
sponding differential  equation  of  the  second  order  will  be 


da? 


expressing  the  property  that  the  radius  of  curvature  is  in- 
variable and  equal  to  r. 

If  we  proceed  to  another  differentiation,  we  find 

M2)l  S-32(S0'=° «. 

• 

which  is  the  general  differential  equation  of  a circle  free  from 
arbitrary  constants.  And  the  geometrical  property  which  this 
equation  also  expresses  is  the  invariability  of  the  radius  of 
curvature,  but  the  expression  is  of  a more  absolute  character 
than  that  of  the  previous  equation  (6).  For  in  that  equation 
we  may  attribute  to  r a definite  value,  and  then  it  ceases  to 
be  the  differential  equation  of  all  circles,  and  pertains  to  that 
particular  circle  only  whose  radius  is  r.  The  equation  (7) 
admits  of  no  such  limitation. 

Monge  has  deduced  the  general  differential  equation  of 
lines  of  the  second  order  expressed  by  the  algebraic  equation 

as?  + bxy  + cy*  + ex  ->rfy  — 1. 

2—2 
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It  is 


9 


<lad)  dxi 


_45^  ^^  + 40 
did  dad  dxi  + 


= 0. 


But  here  our  powers  of  geometrical  interpretation  fail,  and 
results  such  as  this  can  scarcely  he  otherwise  useful  than  as  a 
registry  of  integrable  forms. 

From  the  above  examples  it  will  be  evident  that  the 
higher  the  order  of  the  differential  equation  obtained  by  eli- 
mination of  the  determining  constants  from  the  equation  of  a 
curve,  the  higher  and  more  absolute  is  the  property  which 
that  differential  equation  expresses. 

We  reserve  to  a future  chapter  the  consideration  of  the 

Senesis  of  partial  differential  equations  as  well  as  of  ordinary 
ifferential  equations  involving  more  than  two  variables. 


EXERCISES. 

1.  Distinguish  the  following  differential  equations  accord- 
ing to  species,  order,  and  degree,  and  take  account  of  any 
peculiarities  dependent  upon  their  coefficients. 


(1) 

1 

£ 

II 

% 

(2) 

(3) 

(4) 

dz  dz  ad 

X dx  y dy  y 

(5) 

© 

II 

Ts  Its 
+ 

S IV. 
T3  H3 
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2.  Explain  the  term  1 complete  primitive,’  and  form  the 
differential  equations  of  the  first  order  of  which  the  following 
are  the  complete  primitives,  c being  regarded  as  the  arbitrary- 
constant,  viz. : 

(1)  y = cx  + »J(l  + ca). 

(2)  y=(x  + c)eax. 

(3)  y — ce'*a  + tan-1  x — l. 

(4)  y = (cx  + log  x + 1)“\ 

(5)  y1—  2cx  — c’  = 0. 

(6)  y = cx  + <f>(c). 


3.  Form  the  differential  equations  of  the  second  order  of 
which  the  following  are  the  complete  primitives,  c and  c being 
regarded  as  arbitrary  constants. 


(1)  y = c cos  mx  + c sin  mx. 

(2)  y ==  c cos  (mx  + c’). 

. c + cx 

(3)  y = x log  ~ • 

(4)  y = c sin  nx  + c'  cos  nx  + 


a:  sin  mx 
2m 


4.  State  the  criterion  by  which  it  may  be  determined 
whether  differential  equations  are  derived  from  a common 
primitive. 

5.  Are  the  differential  equations 

= /jl- (§;)}=&, 

derived  from  a common  primitive  involving  a and  b as  arbi- 
trary constants  ? If  so,  determine  that  primitive. 

6.  Apply  a similar  analysis  to  each  of  the  following  pairs 
of  equations,  in  which  p stands  for  ^ , viz. 

(1)  *+7(i +/)““’  ^ v~7<iW)  = b- 

(2)  y-xp  = a(yi+p),  y - xp  = b (\ +a?p). 
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7.  How  many  first,  second,  third,  &c.  integrals,  belong 
to  the  general  differential  equation  of  lines  of  the  second 
order  given  in  Art.  11,  and  how  many  of  each  order  are  inde- 
pendent ? 

8.  From  the  equation  ( y — b )*  = 4 mix  — a)  assumed  as  the 
primitive,  deduce  1st  the  differential  equations  of  the  first 
order  involving  a and  b as  their  respective  arbitrary  constants ; 
2dly  the  general  functional  expression  for  all  differential  equa- 
tions of  the  first  order  derivable  from  the  same  primitive. 

9.  Of  what  primitive  involving  two  arbitrary  constants 
would  the  functional  equation 

0(y- 2px,  fix)  = G, 

represent  all  possible  differential  equations  of  the  first  order  ? 

10.  How  many  independent  differential  equations  of  all 
orders  are  derivable  from  a given  primitive  involving  x,  y, 
and  n arbitrary  constants  ? 
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CHAPTER  II. 

ON  DIFFERENTIAL  EQUATIONS  OF  THE  FIRST  ORDER  AND 
DEGREE  BETWEEN  TWO  VARIABLES. 


1.  The  differential  equations  of  which  we  shall  treat  in 
this  chapter  may  be  represented  under  the  general  form 

M+N~  = 0, 


M and  N being  functions  of  the  variables  x and  y. 


In  this  mode  of  representation  x is  regarded  as  the  inde- 
pendent variable  and  y as  the  dependent  variable. 

We  may,  however,  regard  y as  the  independent  and  x as 
the  dependent  variable,  on  which  supposition  the  form  of  the 
typical  equation  will  be 


M~+N=  0. 
dy 


For  as  any  primitive  equation  between  x and  y enables  us 
theoretically  to  determine  either  y as  a function  of  x,  or  x as 
a function  of  y,  it  is  indifferent  which  of  the  two  variables 
we  suppose  independent.  / 

It  is  usual,  however,  to  treat  the  equation  under  the  sym- 
metrical form 

Mdx  + Ndy  — 0. 

But  it  is  to  be  remembered  that  this  form  is  unmeaning 
except  as  a representative  of  one  or  other  of  the  forms  given 
above.  In  the  present  chapter  we  shall  first  inquire  into  the 
significance  of  the  equation 
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we  shall  in  the  second  place  examine  certain  cases  in  which 
it  admits  of  finite  solution ; and  lastly  deduce  certain  inferences 
from  the  form  of  its  general  solution  in  a series. 


2.  The  equation  M+  N<^  = 0 always  implies  the  existence 
of  a primitive  relation  between  x and  y of  the  form 


f(x,  y)  = c, 


in  which  c is  an  arbitrary  constant. 

Let  us  first  consider  what  is  the  immediate  signification  of 
the  equation 

jir+ifi-o a). 


We  know  that  if  Ax  represent  any  finite  increment  of  x,  and 
A y the  corresponding  finite  increment  of  y,  will  represent 
the  limit  to  which  the  ratio  ^ approaches  as  Ax  approaches 
to  0. 

Let  us  then  first  examine  the  interpretation  of  the  equation 

M+N%t  = 0 (2). 


A y 

We  have  = — The  second  member  of  this  equation 

being  a function  of  x and  y,  since  M and  N are  functions  of 
those  variables,  we  may  write 


Ay 

Ax 


= $ (*>  y) 


(3), 


the  form  of  <f>  (x,  y)  being  known  when  M and  N are  given. 

Now  if  we  assign  to  x any  series  of  values,  it  is  possible 
to  assign  a corresponding  series  of  values  of  y,  any  one  of 
which  being  fixed  arbitrarily  all  the  others  will  be  determined 
by  (3). 

Thus  let  x0,  x,,  xa ...  be  the  series  of  arbitrary  values  of  x, 
and  y0  an  arbitrary  value  of  y corresponding  to  x0  as  the 
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value  of  x,  then,  representing  "by  Ax0  the  increment  of  x0, 
i. e.  the  value  which  being  added  to  x0  converts  it  into  xx, 
we  have  by  (3) 

Aa;oi 

\ 

Vo  + A?/a=y0  + (t>  Vo)  a»0. 

But  as  A y0  represents  the  increment  of  y0  corresponding  to 
Accft  as  the  increment  of  x it  is  evident  that  y0  + Ay0  will  be 
the  value  of  y corresponding  to  x0  + Ax0  as  the  value  of  x. 
Representing  then  this  value  of  y by  yy  we  shall  have 

&= y* +<£(*<.>  y«>)  A*0 


=yo  + 4>(xo^y0)  K-*o) (4)- 


In  like  manner  we  shall  find 


y*  = yi  + $ (®i.  Vx)  (5)> 

but,  yx  being  already  determined  by  (4),  yt  is  determined,  and, 
continuing  the  operation,  a series  of  values  of  y will  be  deter- 
mined, only  one  of  which  is  arbitrary,  while  all  the  others  are 
assigned  in  terms  of  that  arbitrary  value  and  of  the  known 
values  of  x. 

If,  for  example,  we  have  the  particular  equation 
. Ay  = (x+y)Ax, 

and  assign  to  x the  series  of  values  0,  1,  2,  3,  4,  &c.,  and 
at  the  same  time  assume  that  when  x is  equal  to  0,  y is  equal 
to  1,  we  shall  have  the  two  following  corresponding  series  of 
values,  viz. 

x0  = 0,  xx  = 1,  xs  = 2,  xt=  3,  x4  = 4,  &c. 

y0  = 1>  yt  = 2>  y,  = 5>  ya  = 12>  y<  = 27,  &c. 

By  assigning  a different  value  to  y0,  or  by  assuming  arbi- 
trarily the  value  of  some  other  term  of  the  series  y0,  y , yt,  &c. 
we  should  find  another  set  of  values  of  those  quantities  cor- 
responding to  the  given  values  of  x.  But,  in  every  such  set, 
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the  values  of  all  the  terms  but  one  will  be  determined  by 
a law. 

Now  if  the  intervals  between  the  successive  values  of  x are 
diminished,  while  their  number  is  proportionately  increased, 
each  of  the  corresponding  sets  of  values  of  x and  y will  more 
and  more  approach  to  the  state  of  continuous  magnitude. 
Aud,  in  the  limit,  to  every  conceivable  value  of  x will  corre- 
spond a value  of  y,  determined  in  subjection  to  a continuous 
law — to  a law  however  which  permits  us  to  assign  one  of  the 
values  of  y arbitrarily.  The  analytical  expression  of  that 
law  will  be  the  solution  of  the  differential  equation  given. 

3.  To  illustrate  the  same  doctrine  geometrically,  if  x and 
y represent  rectangular  co-ordinates,  any  system  such  as  the 
above  would  represent  a series  of  points  of  which  the  abscissae 
having  been  assumed  arbitrarily,  the  corresponding  values  of 
y,  except  one,  are  determined  by  a continuous  law.  In  the 
limit,  that  series  of  points  would  approximate  to  a curve  the 
species  of  which  as  dependent  upon  the  form  of  its  equation 
would  be  determined  by  a law,  but  an  element  of  which,  re- 
presented by  a constant  in  that  equation,  would  be  left  arbi- 
trary, so  as  to  permit  us  to  draw  the  curve  through  a given 
point. 

The  form  of  the  analytical  solution  thus  indicated  is 

/(*>  y)  - c (G). 

The  genesis  of  differential  equations  of  the  first  order  and 
degree  from  equations  of  this  description  has  already  been 
explained  in  Chap.  I.  Art.  6.  It  is  evident  that,  as  c is  arbi- 
trary, such  a value  may  be  assigned  to  it  as  to  make  a given 
value  of  y correspond  to  a given  value  of  x.  If  those  corre- 
sponding values  are  x0,  y0,  we  have  only  to  assume 

/(* o>  Vo)  = c (7), 

whence  c is  determined.  But  c being  once  determined,  all  the 
values  of  y depend  upon  those  of  x,  in  obedience  to  the  law 
expressed  by  (6). 
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Certain  cases  in  which  the  equation  Mdx  + Ndy  — 0 admits 
of  finite  solution. 

4.  The  equation  Mdx  + Ndy  = 0 can  always  he  solved  when 
the  variables  in  M and  N admit  of  being  separated ; i.  e.  when 
the  equation  can  be  reduced  to  the  form 

Xdx  + Ydy  = 0 (8), 

in  which  X is  a function  of  x alone,  and  Y a function  of  y 
alone. 


To  solve  the  equation  in  its  reduced  form  (8),  it  is  only 
necessary  to  integrate  the  two  terms  separately,  and  to  equate 
the  result  to  an  arbitrary  constant.  Thus  the  solution  will  be 

JXdx  + fYdy  = C (9). 

On  differentiating  this  result  the  arbitrary  constant  C dis- 
appears, and  (8)  is  reproduced. 


Thus  the  solution  of  the  equation 
xdx  + ydy  = 0 


will  be 

or,  since  C is  arbitrary, 


2 


a? +y1=C. 

The  solution  of  the  equation 


, dy  n 

1 + a:  1 +y  * 


will  in  like  manner  be 


log  (1  + x)  + log  (1+y)  =c ; 

a result  which  may  be  simplified  in  the  following  manner. 
We  have 

log (1  + *)  (1+y)  =c; 

(1  + a?)  (l+y)  = e*. 


But  a function  of  an  arbitrary  constant  is  itself  an  arbitrary 
constant.  Hence  we  may  write  as  the  solution 


(1  + a;)  (1+y)  = C. 
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Indeed  it  frequently  happens  that  solutions  which  present 
themselves  in  a transcendental  form  admit  of  being  reduced 
to  an  algebraic  form. 


Thus  also  the  solution  of  the  equation 


being 


(lx  , r, 

V(1-*V  V(i-y) 

sin-1  x + sin-1  y = c, 


(10) 


we  shall  have,  on  taking  the  sine  of  both  members  of  the 
equation  and  replacing  sin  c by  G, 

xtjil-tf)  +y  = C (11), 

which  is  algebraic. 


5.  Different  modes  of  integration  will  also  give  rise  to 
solutions  which  at  first  sight  appear  to  be  discordant.  The 
discordance  however  will  be  only  apparent.  Thus  if  we  ex- 
press the  equation  last  solved  in  the  form 


— dx 

V(1-^) 


+ 


-dy 


V(1  -f) 


= 0, 


and  integrate  by  means  of  the  formula 


we  shall  have 


f —dx 

JV(I-J) 


cos-1  x + const., 


cos'1  x + cos  1 y = Cx 


and,  taking  the  cosine  of  both  members, 


XV  ~ V{(1  - ®s)  (1  — 3^*)}  = cos  (12)- 


The  last  result  may  however  be  reduced  to  the  form 

x V(1  -f)  + y V(1  - **)  = sin  Cx (13), 

which,  as  sin  Cx  is  arbitrary,  agrees  with  the  previous  re^ 
suit,  (11). 
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The  constants  C and  Cx  are  seen  to  "be  connected  by  a 
relation  (7=  sin  Cx,  which  is  independent  of  the  variables  x 
and  y. 

And  in  general  the  test  of  the  accordance  of  two  solutions 
of  a differential  equation,  each  involving  an  arbitrary  constant, 
is,  that  on  eliminating  one  of  the  variables , the  other  variable 
will  disappear  also,  and  a relation  between  the  arbitrary  con- 
stants alone  result. 


6.  It  sometimes  happens  that  the  variables  may  be  sepa- 
rated by  multiplying  or  dividing  the  equation  by  a factor. 
Thus  the  equation 

xdx  ydy  _ 

1 +y  1 +*  ’ 

becomes  on  multiplying  by  (1  +»)  (1 4-y), 
x (1+  x)  dx  - y (1  + y)  dy  = 0, 

in  which  the  variables  are  separated.  Integration  then  gives 


2 3 2 3 


The  most  general  form  of  equations  in  which  the  variables 
can  be  separated  by  the  process  above  mentioned  is 

XlY1dx  + X,Yidy  = 0 (14), 


in  which  X.  and  X,  are  functions  of  x only,  and  Yx  and  Yt 
functions  of  y only.  On  dividing  the  above  equation  by 
YxXt,  or,  which  amounts  to  the  same  thing,  multiplying  it  by 

tire  factor  vtvf  > we  ^iave 

* i^a 


Y 

dx  + -~  dy  — 0 


(15), 


in  which  the  variables  are  separated. 


Ex.  The  equation  x V(l  + y1)  dx  + y V(1  + «*)  dy  = 0 is 
thus  reduced  to 

xdx  ydy  A 

7(i+^+7(i+7)  ’ 
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and  has  for  its  complete  integral 

V(l+**)  + V(i+y*)  = c. 

7.  It  frequently  happens  that  the  variables  in  the  equation 
Mdx  + Ndy  = 0 admit  of  being  separated  after  a preliminary 
transformation. 


Ex.  If  in  the  equation  (x —y1)dx  + 2xydy,  we  assume 
y = <J(xz),  we  find 

j zdx  + xdz 
dy~  2 j{xz)"m 

Substituting  these  expressions  for  y and  dy  in  the  given 
equation,  we  nave 

xdx  + oddz  = 0, 


— + dz  = 0. 
x 


whence 

Integrating  and  replacing  z by  its  value  ~ , we  find 

log  x + — = C, 

° x 

for  the  complete  primitive. 


It  will  be  remarked  that  the  transformation  employed  in 
the  above  example  is  not  a very  obvious  one.  It  would 
scarcely  be  suggested  by  the  form  of  the  differential  equation 
itself.  And  in  the  present  state  of  analysis,  it  would  be  im- 

?08sible  to  lay  down  any  general  direction  on  the  subject. 

'here  are  however  certain  classes  of  differential  equations  in 
which  the  nature  of  the  required  transformation  can  be  deter- 
mined. Among  them  a foremost  place  is  due  to  homogeneous 
equations. 


Homogeneous  Equations. 

8.  The  differential  equation  Mdx  + Ndy  = 0 is  said  to  be 
homogeneous  when  M and  N are  homogeneous  functions  of 
x and  y,  and  are  of  the  same  degree. 
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Thus  the  equation 

\y  + V(z*  + y*)}dx- xdy  = 0, 

is  a homogeneous  equation,  M and  N being  here  of  the  first 
degree. 

To  integrate  a homogeneous  equation  it  suffices  to  assume 
y = vx.  In  the  transformed  equation  the  variables  x and  v 
will  then  admit  of  separation. 

Thus  in  the  above  example  we  should  find 

{vx  + x V(1  + «*)}  dx  — x (vdx  + xdv ) = 0, 

whence  dividing  by  x 

V(1  + v1)  dx  — xdv  = 0, 

from  which  result 

dx  dv  A 

log  X — log  [v  + V(1  + v*)}  = C. 

Replacing  v by  ^ , we  have 

s-l08|y+vy+y>}-g, 

for  the  complete  primitive. 

As  in  Art.  5,  the  above  solution  admits  of  a simpler  ex- 
pression. Freed  from  transcendents  and  radicals,  it  gives 

a?  = 2 Gy  + C*, 

C being  an  arbitrary  constant. 

To  demonstrate  the  above  method  generally,  let  us  suppose 
that  M and  N are  homogeneous  functions  of  x and  y of  the 
71th  degree.  We  may  then,  in  accordance  with  the  known  type 
of  homogeneous  functions,  write 
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so  that  the  equation  Mdx  + Ndy  = 0 becomes  on  substitution 
and  division  by  the  common  factor  xn, 

4>  (I)  ^ + * (I)  dy  = ° (l6)‘ 

Now  assuming  y = vx,  we  have 

- = v,  dy  = vdx  + xdv, 

X 

and  the  above  equation  becomes 

<f>  (y)  dx  + \}s  (v)  ( vdx  + xdv ) = 0. 


Or,  {< p ( v ) + v\f/  (u)}  dx  + yfs  (v)  xdv  — 0. 

Therefore 


dx 
1- 

^ (®) dv  „ - o 

(17) 

X 

<p  {v)  + V\}r  (v) 

whence  on  integrating 

log  x + j 

P 'J'  («)  dv  c 

<j>  (y)  + V\fy  (?;) 

(18). 

It  is  obvious  from  the  symmetry  of  the  relation  between  x 

and  y that  we  might  equally  employ  the  transformation  - = v 

and  regard  v and  y as  the  new  variables.  What  is  essential 
in  the  method  is  the  substitution,  in  place  of  the  original  vari- 
ables x and  y,  of  a new  system  of  variables,  consisting  of  one 
variable  of  the  old  system,  and  of  the  ratio  which  is  borne 
to  it  by  the  other  variable  of  that  system. 

Ex.  It  is  required  to  integrate  the  equation 
{x-^(xy)-y}dx  + V( xy ) dy  = 0, 
by  the  direct  application  of  (18).  Here,  n = 1, 

M—x  — \/{xy)  —y  — x{  1 — V(®)  ~ v}> 

N=  v {&/) = x V(®)* 
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Thus  we  have 


and  (18)  gives 


<f>  (v)  — l — v*  — v, 

\J,  (v)  = v J, 


iog*+f,  , = e- 

J l — V*  — v + v* 

To  effect  the  integration  in  the  second  term,  let  v = t*. 

Then  f ^ j=  f 

Jl  — vi  — v + v^  J l — t — + f 

+ flog  (l-<)  + flog  (1  + *) 
+ log  (1-0  + flog  (!-«*)• 


1 -t 
1 

1 -t 


y ^ 

Hence  finally,  replacing  t by  ^ , 

*30 

-j^-y  + log  (xi-y')+%\o%(x-y)=C. 

x —y 

9.  The  equation  (ax  + by  + c)  dx+(ex  +fy  +g)  dy= 0 may 
be  made  homogeneous  by  assuming 

x = x-a,  y = y'-/3 (19), 

and  properly  determining  the  constants  a and  /3. 

The  proposed  transformations  give 

dx  = dx,  dy  = dy'. 


Substituting  in  the  given  equation,  we  have 
(ax'  + by'  — aa  — bfi  + c)  dx'  + (ex'  +fy'  — ea  —ffd + g)  dy  = 0, 


which,  if  we  determine  a and  /3  so  as  to  satisfy  the  conditions 

aa  + b/3  = c) 

ea  +j$  = g]  


B.  D.  E. 


(20) 

3 
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becomes 

(ax'  + by')  dx  + ( ex'  +fy')  dy  = 0, 
and  is  now  homogeneous. 

To  solve  this  equation  we  must  now  assume,  in  accordance 
with  the  rule  for  homogeneous  equations,  y = vx.  The 
transformed  equation  will  be 

[a  + (b  + e)  v +,/v4}  dx'  + (e  + fv)  x'dv  = 0. 


Whence 


, Q +fv)  dv 

x a+(b  + e)  v +jvi  ’ 


and  it  now  only  remains  to  integrate  the  rational  fractions 
and  substitute  for  x and  y the  respective  values 


, fc  — bg 
x =x  + ^—jL, 
aj—  be 

obtained  from  (19)  and  (20). 


, aq  — ec 

y=y+^bi' 


The  equation  (ax  -\-by  + c)  dx  + (ex  + fy  + g)  dy  = 0 may 
also  be  rendered  homogeneous  by  assuming 

ax  + by  + c = x, 

ex+fy  +9  = y- 

These  equations  give 

adx  + bdy  = dx, 
edx  + fdy  =dy, 


and  the  values  of  x,  y,  dx,  and  dy  obtained  from  the  above 
systems,  substituted  in  the  given  equation  will  render  it 
homogeneous. 

Both  solutions  fail  if  af—be  = 0.  But  in  this  case,  since 
f — — , the  original  equation  assumes  the  form 

(ax  + by  + c)  dx  + — fax  + by  + —'j  dy  = 0, 
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and  the  variables  will  be  separated  if  we  assume  ax+by  = z, 
and  then  regard  either  z ana  x or  z and  y as  the  new  system 
of  variables. 

10.  The  linear  differential  equation  of  the  first  order  and 
degree 



P and  Q being  functions  of  x,  admits  of  being  solved.  When 
Q = 0 the  solution  is  obtained  by  separating  the  variables ; 
and  when  Q is  not  equal  to  0,  a solution  may  be  founded 
upon  that  of  the  previous  and  simpler  case. 

It  must  be  observed  that  the  linear  equation  (21),  when 
reduced  to  the  form 


{Py-  Q)dx  + dy  = 0, 

falls  under  the  general  type,  Mdx  + Ndy  = 0. 

1st,  When  Q — 0,  we  have 

-£  + Py  = 0. 

Dividing  by  y,  in  order  to  separate  the  variables 

— = — Pdx. 

y 

Therefore,  logy  = — jPdx  + c,  which  gives 

y = €“/i>ic+c 


=Ce~/M*. 


.(22), 


C being  an  arbitrary  constant  substituted  for  e°.  It  has  been 
already  observed  that  a function  of  an  arbitrary  constant  is 
itself  an  arbitrary  constant. 

2ndly,  To  solve  the  linear  equation  (21)  when  Q is  not  equal 
to  0,  let  us  assign  to  the  solution  the  general  form  (22)  above 

3—2 
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obtained,  but  suppose  C to  be  no  longer  a constant  but  a new- 
variable  quantity — an  unknown  function  of  x,  which  must  be 
determined  in  accordance  with  the  new  conditions  to  which 
the  solution  must  be  subject. 


Substituting  then  the  above  expression  for  y in  (21),  and 
observing  that,  since  G is  now  variable,  we  have 


/ p -fPiz  \ _ dC  -fr<u 

dx  dx''  dx 


- CPefpdI, 


there  results 


Hence 


*.*  C = fe-rpd*  Qdx  + c, 


c being  an  arbitrary  constant.  Substituting  this  generalized 
value  of  G in  (22),  we  have  finally 

y =.  £-fpdx  ( jefr*e  Qdx  + c) (23), 


the  solution  required. 

It  will  be  observed  that  if  Q = 0,  the  above  solution  is 
reduced  to  the  form  (22)  before  obtained. 

The  method  of  generalizing  a solution  above  exemplified  is 
called  the  method  of  the  variation  of  parameters,  the  term 
parameter,  by  an  extension  of  its  use  in  the  conic  sections, 
being  applied  to  denote  the  arbitrary  constants  of  the  solution 
of  a differential  equation.  It  is  only,  however,  in  certain 
cases  that  this  method  is  successful.  It  is  always  legitimate 
to  endeavour  to  adapt  a solution  to  wider  conditions  by  a 
transformation,  which,  like  the  above,  only  introduces  a new 
variable  instead  of  an  old  one,  or  a new  and  adequate  system 
of  variables  in  the  room  of  a former  system.  But  it  is  not 
always  that  the  equations  thus  obtained  are,  as  in  the  above 
example,  easier  of  solution  than  those  of  which  they  take  the 
place. 
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Ex'  ’•  Givcn  |-^T=^+1)'- 
Here  P=  , Q=(x  + l)s. 

Hence  jPdx  — — 2 log  (a; +1),  e/Ata  = (x  + 1)-*. 

/e7™1  $dx  = /(x  + 1)  c£c  - + (7. 

Therefore  y = (x  + 1)*  j^— + cj . 

Ex.  2.  Given  = «*  (a:  + 1)-. 

Here  we  find  JPdx  = — n log  (x  + 1), 
e/^=(x  + l)-B, 

Je/Mx  Qdx  = {ezdx  = ex. 

Therefore  y = (x  + 1)“  (e*  + c). 


11.  Equations  of  the  form 


P and  Q being  functions  of  x,  are  reducible  to  a linear  form. 
For,  dividing  by  yn,  we  have 

y-'t+Py'-^Q- 

Now  let  yx~*  = a,  then 


<7z 

dx' 


whence  y 

so  that  the  equation  becomes 


dy  _ 1 dz 

dx  1 — n dx' 
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\ dz  „ „ 

j-  + Pz=  Q, 


1 — n dx 


dz 


01  dx  + ^ _ = (*  ~~ 


which  is  linear. 


Ex.  Given  g+ 1)V- 
dx  x+  1 2 


Here,  dividing  by  y3,  we  have 

-8  % , jT 


y ±+ 


(x  + iy 


dx  x+1 
and,  assuming y~*  = z, 


, dz  z 
hj~  + 


(«  + !)' 

dx  ' x + 1 2 


or 


^ z t i , 

^“2^+I  = (*+1) 


The  solution  of  this  equation,  which  is  identical  in  form  with 
that  of  Ex.  1,  is 

(x+1)4  . 

z- - — ~ +c  (x  + 1)*, 


whence 


y = 


2 

(x+1)4 


+ C 


(x+1)'}  • 


General  solution  by  development. 

12.  In  the  earlier  portion  of  this  chapter  it  was  esta- 
blished, by  considerations  founded  upon  the  nature  and  inter- 
pretation of  the  equation 

Mdx  + Ndy  = 0, 

that  it  implied  the  existence  of  a primitive  equation  between 
x,  y,  and  an  arbitrary  constant.  The  examples  of  finite  solu- 
tion which  have  been  given  above,  illustrate  this  truth.  But 
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a further  and  more  complete  illustration  is  afforded  by  the 
presence  of  an  arbitrary  constant  in  the  general  integral  of 
the  equation,  as  developed  in  the  form  of  a series  by  Taylor’s 
theorem.  This  mode  of  solution  we  now  proceed  to  exhibit. 

From  the  given  equation  we  have 

dy  M 

the  second  member  of  which,  being  a function  of  x and  y,  may 
be  replaced  byy,  (x,  y ).  Thus  we  may  write 

% =fx  (*»  y) (24). 

And  differentiating  this  equation 

(x>  V ) + (x,  y)  dy 

dx*  dx  dy  dx 

the  second  member  of  which,  being  a function  of  x and  y, 
may  be  represented  by  ft  (x,  y).  Thus  we  have,  as  a conse- 
quence of  (24), 

^ =/»(*>  y) (25). 

Repeating  on  this  equation  the  above  process  of  differentiation 
and  substitution,  we  have 


&?=/•  (*»*)■ 


■(26), 


wherein 


And,  continuing  thus  to  repeat  the  same  operation,  we  obtain 
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a series  of  equations  determining  the  successive  differential 
coefficients  of  y,  in  the  form 

d'y 
dx'~ 


■-fn  (*,  y ) (27), 


the  dependence  of  fn  (x,  y)  upon  ( x , y),  and  hence  ulti- 

mately upon  ft  ( x , y),  being  determined  by  the  general  equa- 
tion 

/.  fe  y)  = y)X  fey) (28). 

Hence  and  N being  given,  the  expressions  for 

dy  d?y 
dx’  M'" 


are  implicitly  given  also. 


Now^  ^ 
dx’  da?’ 


&c.  determine  the  coefficients  of  the  several 


terms  after  the  first  in  the  development  of  y in  ascending 
powers  of  x,  by  Taylor’s  theorem,  or  more  generally  in  as- 
cending powers  of  x — x0,  where  x0  is  a particular  value  of  x. 
Leaving  that  first  term  arbitrary,  the  development  is  thus 
seen  to  be  possible,  and  the  result,  while  constituting  the 
general  integral  of  the  given  differential  equation,  shews  that 
that  integral  involves  an  arbitrary  constant. 


Actually  to  obtain  the  development,  let  (x)  represent  the 
general  value  of  y,  and  let  y0  be  the  particular  value  of  y 
corresponding  to  some  particular  and  definite  value,  x0,  of 
the  variable  x.  Then,  writing  <f>  (x)  in  the  form 


<f>(x0  + x-x0), 


we  have,  by  Taylor’s  theorem, 

V = <t>  (*0)  + f fo)  (x  - «o)  + <t>"  (xo)  ^ t g ~ + &c-— (29)  • 


But  <f>{x0)  is  what  y becomes  when  x = x0.  Hence  <f>(x0)  =yQ. 
Again,  </>'  (x0)  is  what  > i.  e.  ^ , becomes  when  x = x0. 

Hence  </>'  (x0)  =fl  (x0  ya)  by  (24).  In  like  manner  <f>"  (x0)  is 
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d\ 

what  ^ becomes  when  x = a;#,  and  is  therefore  equal  to 

ft  (xv  yf  Determining  thus  the  successive  coefficients  of 
(29),  we  have  finally 

y =y9+f  (*«.  y0)  (*-*«)  +/* (*<»  y0)  +&c-(3°)> 

which  is  the  general  integral. 

If  we  assume  x0  = 0,  and  represent  the  corresponding  value 
of  y by  c,  we  have 


y = c+f  (fi>  «)  x +f  (0,  c)  ^ 


&c. 


(31). 


Should  however  any  of  the  coefficients  in  this  development 
become  infinite  we  must  revert  to  the  previous  form,  and  give 
to  x0  such  a value  as  will  render  the  coefficients  finite,  and 
therefore  justify  the  application  of  Taylor’s  theorem. 

Virtually  the  integral  (30)  involves  like  (31)  only  one  arbi- 
trary constant.  For  in  applying  it  we  are  supposed  to  give 
to  x0  a definite  value,  and  this  being  done  the  corresponding 
arbitrary  value  of  y0  constitutes  the  single  arbitrary  constant 
of  the  solution. 


EXERCISES. 

1.  Integrate  the  differential  equations: 

(1)  (1  + x)  ydx  + (1  — y)  xdy  — 0. 

(2)  (y2  + xy2)  dx+  (a?  — yx2)  dy  = 0. 

(3)  xy  (1  + a?)  dy  — (1  + y*)  dx  = 0. 

(4)  (1  + y*)  dx-{y  + *J(l  + y*)}  (1  +a?)idx  = 0. 

(5)  sin  x cos  ydx  — cos  x sin  ydy  = 0. 

(6)  sec8  x tan  ydx  + sec8  y tan  xdy  = 0. 
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2.  Different  processes  of  solution  present  the  primitive  of 
a differential  equation  under  the  following  different  forms,  viz. 

tan-1  (x  + y)  + tan-1  (x  — y)=  c, 

y*  — a?  + 1 = 2 Gx. 

Are  these  results  accordant  ? 


3.  Integrate  the  homogeneous  equations  : 

(1)  {y-x)dy+ydx  = 0. 

(2)  {2  \j{xy)  —x)dy  + ydx  — 0. 

(3)  xdy  — ydx  — \J  {x3  + y*)  dx  = 0. 

(4)  (x  — y cos  - ) dx  + a;  cos  - dy  = 0. 

(5)  (8 y + 10a;)  dx  + (5 y + lx)  dy  = 0. 


4.  Integrate  the  equations : 


(1)  (2x  — y + 1)  dx+  (2y  — x — 1)  dy  = 0. 

(2)  (3y  — lx+  7)  dx+  (ly  — 3#+  3)  dy  = 0 ; 


the  former  as  an  exact  differential  equation,  the  latter  by  re- 
duction to  a homogeneous  form. 


5.  Explain  what  is  meant  by  variation  of  parameters,  and, 
having  integrated  the  equation  x ^ — ay  = 0,  deduce  by  that 

method  the  solution  of  the  equation  x (^  — ay  =x  + 1. 

6.  Integrate,  by  the  direct  application  of  (23)  the  linear 
equations, 

1 

»y= ; 


(i) 


dy  x 
dx  **"  1 +#** 


2a;  (1  + a?)  ’ 


(2) 

(3) 


x (1  — a?)  ^ + (2a;*—  1)  y = ax3. 

dy , V _2  + v'(l-**) 
dx  (i_^)»  (1  -*T  ' 


Digitized  by  Google 


EXERCISES. 


43 


(4) 

(5) 


dv  sin  2x 

j+yco^— . 

(1  +xi)~_+y  — tan-1#. 


6.  Shew  that  the  solution  of  the  general  linear  equation 
+ Q may  be  expressed  in  the  form 


Q 


(C+Je-S^df,). 


7.  Shew  that,  <f>  ( x ) being  any  function  of  x,  the  solution  of 
the  linear  equation 

dy 


^+ycf>'(x)  = cf>(x)<f>'{x), 
will  be  y = cet>ix)  — <f>(x)  — l. 


dy 


8.  Shew  that  if  in  the  linear  equation  ~ + Py  = Q we 

dy 

represent  ^ by  p,  and  then,  differentiating  and  eliminating 

y,  form  a differential  equation  between  p and  x,  that  equation 
will  also  be  linear. 

9.  Integrate  the  differential  equations : 


(1) 

(1  — of)  ^ — xz  = axz ®. 

(2) 

2 z1  <^-  — az*  = x + 1. 
ax 

(3) 

^ + 2 xz  = 2<kcV. 
dx 

(4) 

dz  _ . „ 

j-  + z cos  x = z sin  2x. 
dx 

(5) 

x<fa+y=y'lo%x- 
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CHAPTER  III. 

EXACT  DIFFERENTIAL  EQUATIONS  OF  THE  FIRST  DEGREE. 

1.  The  conditions  described  in  the  previous  chapter  under 
which  the  equation  Mdx  + Ndy  = 0 is  integrable  by  the  sepa- 
ration of  the  variables,  embrace  but  a small  number  of  the 
cases  in  which  a solution  expressible  in  finite  terms  exists. 
Analysts  have  therefore  engaged  in  the  more  fundamental 
inquiry  of  which  the  following  are  the  objects,  viz. 

1st,  To  ascertain  under  what  conditions  the  equation 
Mdx  4-  Ndy  = 0 

is  derived  by  immediate  differentiation  from  a primitive  of 
the  form  f (x,  y)  = c,  and  how,  when  those  conditions  are 
satisfied,  the  primitive  may  be  found. 

2ndly,  To  ascertain  whether,  when  those  conditions  are  not 
satisfied,  it  is  possible  to  discover  a factor  by  which  the  equa- 
tion Mdx  + Ndy  = 0 being  multiplied,  its  first  number  will 
become  an  exact  differential. 

These  inquiries  will  form  the  subject  of  this  and  the 
following  chapter. 

Theorem.  The  one  necessary  and  sufficient  condition  under 
tohich  the  first  member  of  the  equation  Mdx  + Ndy  = 0 is  an 
exact  differential  is 

dM_dN  m 

dy  ~ dx  { 

Let  it  be  considered  in  the  first  place  what  is  meant  by  the 
supposition  that  Mdx  + Ndy  is  an  exact  differential.  It  is 
that  M and  N are  partial  differential  coefficients  with  respect 
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to  x and  y, — that  there  exists  some  function  V,  such  that  we 
may  have 


(2) 


(3). 


Any  relation  between  M and  N which  we  can  derive  inde- 
pendently of  the  form  of  V from  the  above  equations  will  be 
a necessary  condition  of  Mdx+Ndy  being  an  exact  differential. 
And  conversely,  any  relation  between  M and  A which  suffices 
to  enable  us  to  discover  a function  V actually  satisfying  the 
above  equations  (2),  (3),  will  be  a sufficient  condition  of 
Mdx  + Ndy  being  an  exact  differential.  And  if  the  same 
condition  should  present  itself  in  both  cases,  it  will  be  both 
necessary  and  sufficient. 

Differentiating  (2)  with  respect  to  y,  and  (3)  with  respect 
to  x,  we  have 

(PV  dM  (PV  dN 

dydx  dy  ’ dxdy  dx ^ ’ 


But  the  first  members  of  these  equations  being,  by  a known 
theorem  of  the  Differential  Calculus,  equal,  we  have 


dM=dJ[ 

dy  dx 


This,  therefore,  is  a necessary  condition  of  Mdx  + Ndy  being 
an  exact  differential.  It  is  also,  as  will  next  be  shewn,  a 
sufficient  condition. 


In  the  first  place  the  function  V,  if  such  exist,  must  satisfy 
the  equation  (2). 

Integrating  this  equation  relatively  to  x alone  (since  the 
dV . 

differentiation  in  -j~  is  relative  to  x alone),  we  have 


V=fMdx+  C (6), 
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G being  a quantity  which  is  constant  relatively  to  x,  so  that 

= 0.  Hence,  though  C does  not  vary  with  x,  it  may  vary 

with  y,  and  there  is  nothing  to  limit  the  manner  of  its  varia- 
tion. It  is  therefore  an  arbitrary  function  of  y,  and  we  may 
write 

V=JMdx  + <f>  (y) (7). 


This  is  the  most  general  form  of  V as  a function  of  x and  y, 
which  satisfies  the  equation  (2). 


In  the  second  place  V must  satisfy  the  equation  (3).  Sub- 
stituting in  that  equation  the  value  of  V given  in  (7),  we 
have 


d jMdx 
dy 


#_(y)  _ XT 

dy  ~ ~ 


Therefore  =N-  , 

dy  dy 


Whence  <f>  (y)  = J (n~  dy  + C (8), 


C being  simply  an  arbitrary  constant,  since,  as  the  constant 
of  integration  it  cannot  contain  y,  and  as  part  of  the  ex- 
pression for  <j>  (y)  it  cannot  contain  x. 


Now  the  integration  in  the  second  member  is  theoretically 
possible  (though  its  expression  in  finite  terms  may  not  be 

d(Mdx 

possible)  if  the  coefficient  of  dy,  viz.  N — 3 ^ , is  a function 

of  y only,  i.  e.  if  its  differential  coefficient  with  respect  to  x 
is  0.  Expressing  this  condition,  we  have 


But 


dN  d dfMdx_n 

dx  dx'  dy 

d dJMdx  d dJMdx 
dx'  dy  dy  dx. 

_dM 

~ dy  ’ 


(9). 
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Thus  the  condition  (9)  becomes 


dN_dM 
dx  dy 


(10). 


This  then  is  a sufficient,  as  it  has  before  been  shewn  to 
be  a necessary  condition  of  Mdx  + Ndy  being  an  exact  diffe- 
rential. 

The  substitution  in  (7)  of  the  value  of  (j>  (y)  found  in  (8) 
gives 

V=jMdx  + f (n~  dy+C (11). 


Finally,  supposing  still  the  condition  (10)  satisfied,  the 
solution  of  the  equation  Mdx  + Ndy  = 0 will  be 

JMdx  + J (N-  dy  — C (12). 


2.  The  practical  rule  to  which  the  above  investigation 
leads  is  the  following. 

To  solve  the  equation  Mdx  + Ndy  = 0 when  its  first  mem- 
ber is  an  exact  differential,  integrate  Mdx  with  respect  to  x, 
regarding  y as  constant,  and  adding,  instead  of  an  arbitrary 
constant,  an  arbitrary  function  of  y,  which  must  afterwards  be 
determined  by  the  condition  that  the  differential  coefficient  of 
the  sum  with  respect  to  y shall  be  equal  to  N.  Then  that 
sum  equated  to  an  arbitrary  constant  will  be  the  solution 
required. 

Ex.  1.  Given  («*  — 4 xy  — 2yr)  dx  + (y*—  4 xy  — 2xa)  dy  = 0. 

Here  M = a?  — 4 xy  — 2 y1  and  N=yi  — ixy  — 2x?,  whence 


dM  dN 


and  the  first  member  of  the  given  equation  is  an  exact  diffe- 
rential. 
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Now 


JMdx  = ~ - 2 x'y  - 2 ysx  + <f>(y) (1), 


the  arbitrary  function  (f>  (y)  occupying,  according  to  the  Rule, 
the  place  of  the  constant  of  integration.  To  determine  <£(?/), 
we  have 

~ 2afy  - 2 tfx  + $ (3/)|  = V*  - 4 *y  - 2a:*. 

Whence  =y2, 

dy  3 

0(y)=^- 

Substituting  this  value  in  the  second  member  of  (1),  and 
equating  the  result  to  an  arbitrary  constant,  we  have 

il-2x'y-2y>x  + £ = C, 


the  solution  required. 
Ex.  2.  Given 


dx 


x 


+ -|1-  7 ~ J^  = 0. 

V(a^+y)J  y 


Here  M = , N=  77-^7 . 

V(a?+y)  y ydi^+y) 

Hence  we  find 


dM  = -y  = rfN 
~ (a^  + y*)*  ~ «**' 

To  obtain  the  complete  integral  we  will  on  this  occasion 
employ  directly  the  general  form  of  solution  (12).  We  have 


jMdx  = log  [x  + *J(a?  + if)}, 
d pi J--J  1 x 

V ~y~YWWY 


Hence  N—  -j^fMdx  = 0,  so  that  (12)  gives  simply 
log{x  + vV+y2)}=c. 
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Substituting  log  G for  c,  and  then  freeing  the  equation  from 
logarithmic  signs  and  from  radicals,  we  have 

y'  = C1-2Cx. 


3.  When  the  criterion  (1)  is  satisfied,  we  may  often  sim- 
plify the  subsequent  process  of  solution  by  noting  that  the 
complementary  function  of  y which  remains  to  be  added  after 
the  integration  with  respect  to  x has  been  performed,  can 
only  be  derived  from  terms  in  N which  do  not  contain  x.  If 
then  v represent  the  aggregate  of  such  terms,  the  comple- 
mentary function  will  be  jvdy. 


Thus  in  Ex.  1,  the  only  term  in  N which  does  not  involve 

v3 

x being  y*,  the  eomplementaiy  function  of  y is  jy*dy  or  ~ . 

3 


Lastly,  we  may  in  many  cases  dispense  with  the  applica- 
tion of  the  criterion,  or  greatly  simplify  its  application,  by 
attending  to  the  two  following  principles,  viz. 


1st,  If  Mdx  + Ndy  can  be  divided  into  two  portions,  one 
of  which  is  manifestly  an  exact  differential,  it  suffices  to  ascer- 
tain whether  the  other  is  such. 

2ndly,  If  Mdx+Ndy , or  that  portion  of  it  which,  according 
to  the  above  principle,  it  may  suffice  to  examine,  can  be  re- 
solved into  two  factors,  one  of  which  is  manifestly  the  exact 
differential  of  a function  of  x and  y,  which  we  will  represent 
by  u,  then  when  the  other  factor  is  expressible  as  a function 
of  u,  we  shall  have  an  expression  of  the  form  f(u)du  which  is 
necessarily  an  exact  differential.  The  converse  truth,  that 
when  one  factor  is  du  the  other  factor  must  be  of  the  form  /(w) 
in  order  to  make  the  product  an  exact  differential,  will  be 
established  in  the  following  chapter. 

Ex.  Given  \x+-rry: — 77-^ wl<fy  = 0. 

1 r yd{y  -*  ))  * 

This  equation  may  be  expressed  in  the  form 


B.  D.  E. 


xdx  + ydy  + 


ydx  — xdy 

y ~ a?) 


= 0. 


4 
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Now,  xdx  + ydy  being  an  exact  differential,  it  suffices  to  ex- 
amine whether  the  term  ■x^.  is  such  also. 

yxJW-x) 

This  term  may  be  expressed  in  the  form  of  the  product 

y ydx  — xdy 

x 

• • • sc 

the  second  factor  of  which  is  the  differential  of  - . If  we 

y 

SC  • 

make  - — u the  product  assumes  the  form  —r. 37 , which  is 

. y . . Vi  - ** ) 

the  differential  of  sin-1M. 

The  complete  primitive  is  therefore 

a?+y2  , . -i  x 
— — + sin  - = c. 

2 y 


EXERCISES. 

1.  (xs  + 3xy2)  dx+  (y*  + 3 x*y)  dy  - 0. 

2.  ^1  + dx—  2^ dy  = 0. 

, 2 xdx  /I  3x*\  7 

3’  ir+&-y)dy=0- 

4.  xdx  + ydy  + xdy-y?X  = 0. 

5.  (l+J)dx  + e*(l-^)dy  = 0. 

6.  ex  (a:2  + y*  + 2a:)  dx  + 2ye*dy  = 0. 

7.  {«  cos  (nx  + my)  — w sin  (mx  + ny) } dx 

+ [m  cos  (nx  4-  my)  — n sin  (mx  + «y)}  dy  — 0. 
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8.  Shew,  without  applying  the  criterion,  that  the  following 
are  exact  differentials,  viz. 


1st, 


xdx  + ydy  ydx  — xdy  _ 
(1  + as*  + /)* + a?  + y*  ~ 


2ndly, 


xdx  + ydy 


{x‘+yi)i(\-x'‘-yy 


+ 


W=y>+?}  &*-***>■ 


9.  Integrate  the  above  equations. 

10.  Integrate  the  equation  X ^ ^ = 

distinguishing  between  the  different  cases  which  present  them- 
selves according,  1st,  as  b and  c are  of  the  same  or  of  opposite 
signs ; 2ndly,  as  a is  equal  to,  or  not  equal  to,  0. 


11.  Shew  by  the  criterion  that  the  expression 


is  generally  an  exact  differential  and  exhibit  the  functional 

, , . . dM  A dN 

forms  which  and  -7-  assume. 
ay  dx 


4—2 
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CHAPTER  IV. 

ON  THE  INTEGRATING  FACTORS  OF  THE  DIFFERENTIAL 
equation  Mdx  + Ndy  = 0. 


1.  The  first  member  of  the  equation  Mdx  + Ndy  = 0 not 
being  necessarily  an  exact  differential,  analysts  have  sought 
to  render  it  such  by  multiplying  the  equation  by  a properly 
determined  factor. 

Thus  the  first  member  of  the  equation 


(1  + y1)  dx  + xydy 

is  not  an  exact  differential,  since  it  does  not  satisfy  the  con- 
dition — = -j— , but  it  becomes  an  exact  differential  if  the 
dy  dx 

equation  be  multiplied  by  2x,  and  its  integration,  which  then 
becomes  possible,  leads  to  the  primitive  equation 

x%  (!  + y*)  = c- 

The  multiplier  2x  is  termed  an  integrating  factor. 


We  propose  in  this  chapter,  after  establishing  a certain 
preliminary  theorem,  1st  to  demonstrate  that  integrating  fac- 
tors of  the  equation  Mdx  + Ndy  always  exist ; ‘2ndly,  to  in- 
vestigate some  of  their  properties  and  relations,  and  to  shew 
how  in  certain  cases  they  may  be  discovered.  To  complete 
this  subject  we  shall,  in  the  following  chapter,  investigate  a 
partial  differential  equation,  upon  the  solution  of  which  their 
general  determination  depends,  and  shall  examine  some  of 
the  conditions  under  which  the  solution  of  that  equation  is 
possible. 
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2.  Theorem.  If  V and  v are  any  functions  of  x and  y, 
the  expression  Vdv  will  he  an  exact  differential , only  when  V is 
expressible  as  a function  of  v alone,  involving  x and  y only 
through  its  involving  v. 

Let  us  transform  Vdv  to  an  expression  in  which  x and  v 
are  regarded  as  the  primary  variables  instead  of  x and  y. 

The  transformation  is  a possible  one,  for  if,  v being  a func- 
tion of  x and  y,  we  write 

v = y}r(x,  y) (1), 

it  follows  that  y is  implicitly  a function  of  x and  v,  and  there- 
fore V,  which  is  by  hypothesis  a function  of  x and  y,  is  also 
implicitly  a function  of  x and  v.  The  actual  expression  for 
V in  terms  of  x and  v would  be  found  by  determining  y in 
terms  of  x and  v from  (1),  and  substituting  the  value  in  the 
primary  expression  for  V.  Suppose  the  result  to  be 

V=  x (x,  v ), 

then 

Vdv  — x (x>  v)  dv. 

If  we  compare  the  second  member  of  this  equation  with  the 
expression  for  the  exact  differential  of  a function  of  x and  v, 
viz.  Mdx  + Ndv,  in  which  M and  N satisfy  the  condition 

dM=dN 

dv  dx  ’ 


(1)  Chap,  in.,  we  find  M=  0,  N=  x(x,  v),  whence  the  above 
condition  gives 

dX  (*»  v) 
dx  ’ 

This  equation  implies  that  % (x,  v),  that  is  V,  considered 
originally  as  a function  of  x and  v,  must,  under  the  actual 
conditions,  be  considered  as  a function  of  v only,  since  its 
differential  coefficient  with  respect  to  x vanishes.  Hence  the 
theorem  is  established. 

There  is  another  form  of  demonstration  which  has  the 
advantage  of  connecting  the  theorem  to  be  proved  with  an- 
other of  equal  importance. 
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Since  v is  by  hypothesis  a function  of  x and  y,  we  have 

rdv-v^dx+v  (2). 

In  order  that  the  second  member  of  this  equation  may  be  an 
exact  differential,  it  is  necessary  and  sufficient  that  we  have 
identically 

d_  f ydv\  _ d_  ( ydv\ 
dy  \ dx)  dx  \ dy)  ’ 

which,  on  effecting  the  differentiations,  becomes 


<W<h_dVdv 
dy  dx  dx  dy 


(3). 


Now  reasoning  as  before,  we  see  that  V,  whatever  may  be 
its  constitution  as  a function  of  x and  y,  is  reducible  to  the 
form  x (x>  v )•  If  that  expression  we  substitute  for  v its 
value  yjr  (x,  y),  V is  again  reduced  to  a function  of  x and  y. 
Thus  instead  of  contemplating  V as  directly  a function  of 
x and  y,  we  may  consider  it  as  mediately  such  through  the 
system 

V-X(x»v)>  v = yfr(x,y). 

Hence  according  to  the  rules  of  implicit  differentiation, 

dV  dx  (x,  v ) dx  {x,  v ) dv_ 

dx  dx  dv  dx' 


dV _ dx  (»,  v)  dv 
dy  dv  dy ' 

Substituting  these  values  in  (3)  there  results  simply 

dx  (*>  v)  ^H_n 

dx  dy 

Now  the  constitution  of  v is  either  such  that  v contains  y 
in  its  expression  yfr  (x,  y),  or  that  it  reduces  to  a mere  func- 
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• di)  • 

tion  of  x.  If  v contains  y,  then  does  not  identically 
vanish,  and  therefore  we  must  have 

dX  fo  »)  n 
dx 


This  implies,  as  before,  that  V is  a function  of  v alone.  But 
if  v is  a mere  function  of  x,  then  reciprocally  x is  merely 
a function  of  v,  and  therefore  x ix>  v)>  or  K is  merely  a func- 
tion of  v. 


Wherefore  always,  in  order  that  Vdv  may  be  an  exact 
differential,  V must  be  expressible  as  a function  of  v alone. 


3.  The  above  demonstration  establishes  also  the  following 
allied  theorem. 

Theorem.  If  V and  v are  two  functions  of  x and  y, 
which  satisfy  the  equation 

dV  dv  (±\ 

dy  dx  dx  dy  ^ ' 

then  V is  expressible  as  a function  of  v only. 

We  are  now  prepared  to  enter  upon  the  proper  subject  of 
this  chapter. 


4.  To  every  differential  equation  of  the  form 
Mdx  + Ndy  = 0, 

pertain  an  infinite  number  of  integrating  factors,  all  of  which 
are  included  under  a single  functional  expression. 

It  has  been  shewn,  Chap.  II.  Art.  2,  that  the  above  equa- 
tion always  implies  the  existence  of  a complete  primitive  of 
the  form 

f (x,  y)=<> (5)- 

Differentiating  the  last  equation,  we  have 

(x,  y)  dyfr  (x,  y)  dy r = Q #6\ 

dx  dy  dx 
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The  value  of  ^ determined  as  a function  of  x and  y from 

this  equation  must  he  the  same  as  the  value  of  ^ furnished  by 
the  given  differential  equation  expressed  in  the  form 

= 0. 

ax 

Hence  eliminating  ^ between  these  equations  we  have 


fa  y)  fay) 

dx  dy 

H N 


(7). 


Let  y.  be  the  value  of  each  of  these  ratios,  then 


x ^£fey>.=„,y, 

dx  dy 

As  yM  and  yN  are  therefore  the  partial  differential  co- 
efficients with  respect  to  x and  y of  the  same  function  ifr  (x,  y), 
the  expression  yMdx  + aNdy  will  be  an  exact  differential. 
Thus  Mdx  + Ndy  is  always  susceptible  of  being  made  an 
exact  differential  by  a factor  y. 


5.  The  form  of  the  complete  primitive  is  however  without 
gain  or  loss  of  generality  susceptible  of  variation.  Thus  the 
primitive  x‘(l+y*)=c,  Art.  1,  might,  without  becoming 
more  or  less  general,  be  presented  in  the  forms 

sin  fa  (1  +y*)}  = c,,  log{*s  (l  + y*)}  = cs, 

or  in  the  functional  form  f{x * (1  + yr)  ] = c,  where  c,  cv  c2  are 
arbitrary  constants.  And  these  variations  in  the  form  of  the 
primitive  indicate  corresponding  variations  in  the  form  of  the 
integrating  factor,  a special  determination  of  which  has  already 
been  given  Art.  1 . 


6.  To  investigate  the  general  form  under  which  all  such 
special  determinations  are  included,  let  us  suppose  y.  to 
be  a particular  integrating  factor  of  Mdx  + Nay,  and  let 
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fiMdx  + pNdy  be  the  exact  differential  of  a function  \fr  ( x , y ). 
Then  representing  for  the  present  yfr  (x,  y)  by  v,  we  have 

fiMdx  + fiNdy  = dv. 

Multiply  this  equation  by  f{v),  an  arbitrary  function  of  v;  such 
being,  by  the  theorem  just  demonstrated,  the  general  form  of 
a factor  which  will  render  the  second  member  an  exact  differ- 
ential. We  have 

pf(v)  ( Mdx  + Ndy ) =f(v)  dv. 

Now  the  second  member  of  this  equation  being  an  exact  dif- 
ferential the  first  is  so  also.  As  moreover  the  first  member  of 
the  above  equation  can  only  become  an  exact  differential 
simultaneously  with  the  second,  the  factor  pf{v)  is  the 
general  form  of  a factor  which  renders  Mdx  + Ndy  an  exact 
differential. 

_ We  may  express  the  above  result  in  the  following  theorem. 

If  g.  be  an  integrating  factor  of  the  equation  Mdx  + Ndy  = 0, 
and  tfv=c  be  the  complete  primitive  obtained  by  multiplying 
the  equation  by  that  factor  and  integrating , then  pf(v)  will  be 
the  typical  form  of  all  the  integrating  factors  of  the  equation. 

Furthermore,/^)  being  an  arbitrary  function  of  u,  the  num- 
ber of  such  factors  is  infinite. 


Ex.  The  equation 


(x’y  — 2 y4)  dx  + (y*x  — 2x*)  dy  = 0, 
becomes  integrable  on  multiplying  it  by  the  factor 
actual  solution  thus  obtained  being 


the 


x , ?/ 

-*  + —»  = c. 

y * 

Hence  the  general  form  of  the  integrating  factor  of  the  equa- 
tion is 


xy  f(yt+ x3) 


From  the  typical  form  of  the  integrating  factor  of  the  equa- 
tion Mdx  + Ndy  = 0,  it  follows  that  if  we  know  two  particular 
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integrating  factors  of  the  equation,  the  solution  maybe  inferred 
without  integration. 

For  being  one  of  the  factors  given,  the  other  must  be  of 
the  form  If  we  determine  their  ratio  by  division  and 

equate  the  result  to  an  arbitrary  constant  we  shall  have 

/(«)  = c, 

which,  from  what  has  been  said  at  the  commencement  of  this 
Article,  is  a form  of  the  complete  primitive. 

It  has  been  observed,  Art.  1,  that  the  discovery  of  an  inte- 
grating factor  of  the  differential  equation  Mdx  + Ndy  — 0 
generally  depends  on  the  solution  of  another  differential  equa- 
tion, but  there  are  some  cases  in  which  it  presents  itself  on  in- 
spection. The  equation 

(xy2  + y)  dx  — xdy  = 0, 

becomes  integrable  on  being  multiplied  by  the  factor  -4 , and 

y 

this  factor  is  at  once  suggested  if  we  place  the  equation  in 
the  form 

y*xdx  +ydx  — xdy  = 0. 

We  could  thus,  also  by  inspection,  assign  the  integrating 
factors  of  any  equation  of  the  form 

y*dx  + <f>  (x)  (ydx  — xdy ) = 0, 

and  many  other  forms  will  readily  suggest  themselves.  The 
following  analysis  will  however  lead  to  results  of  greater 
generality  and  importance. 


Special  Determinations  of  Integrating  Factors. 

7.  Whatever  may  be  the  constitution  of  the  functions  M 
and  N we  have  identically 


Mdx±My  = \\(MX+Ny)(^+iL)  + (M*-m  (* -*)}, 

But  = dlot{xy),  -rflog(?). 
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Hence, 

Mdx  + Ndy  = ~ | (Mx  + Ny) d\ogxy  + (Mx - Ny)  d log (1). 

The  functions  Mx  + Ny  and  Mx  — Ny  appear  in  the  second 
member  of  this  equation  as  the  coefficients  of  exact  differ- 
entials. And  upon  the  nature  and  relations  of  these  functions 
the  inquiry  will  now  depend. 

Whatever  may  be  the  constitution  of  M and  N some  one, 
and  only  one,  of  the  following  cases  will  present  itself. 
Either  the  functions  Mx  + Ny  and  Mx  — Ny  will  be  both 
identically  equal  to  0,  or  one  of  them  will  be  so  and  not  the 
other,  or  neither  of  them  will  be  identically  equal  to  0.  These 
cases  we  will  separately  consider. 

1st.  The  case  of  Mx  + Ny  and  Mx  — Ny  being  both  iden- 
tically equal  to  0 may  be  dismissed,  as  it  would  involve  the 
supposition  that  M and  N are  each  identically  equal  to  0. 
This  is  seen  by  addition  and  subtraction  of  the  equations 

Mx  + Ny  = 0, 

Mx  — Ny  = 0. 

2ndly.  Suppose  that  one  of  the  functions  Mx  + Ny  is 
identically  0 and  not  the  other,  and  first  let  Mx  + Ny  be 
identically  0,  then  (1)  becomes 

Mdx  + Ndy  = ^ (Mx  — Ny)  d log  - ; 

y 

whence  dividing  by  Mx  — Ny, 


Mdx  + Ndy 
Mx  — Ny 


irflog? 


(2). 


Now  the  second  member  being  an  exact  differential  the  first 
member  is  also  one.  In  this  case  then  Mdx  + Ndy  is  made 


an  exact  differential  by  the  factor  ^ . By  parallel 

reasoning  it  follows  that  if  Mx  — Ny  is  identically  equal  to  0 
and  not  Mx  + Ny,  an  integrating  factor  of  Mdx  + Ndy  will 


be 


1 

Mx  + Ny' 
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And  thus  we  are  led  to  the  following  theorem. 

Theorem.  If  one  only  of  the  functions  Mx  + Ny  and 
Mx  — Ny  is  identically  equal  to  0,  the  reciprocal  of  the  other 
function  icill  be  an  integrating  factor  of  the  equation 

Mdx  4-  Ndy  — 0. 


3rdly.  Let  neither  of  the  functions  Mx  + Ny  and  Mx  — Ny 
he  identically  equal  to  0.  Then  first  dividing  the  funda- 
mental equation  (1)  by  Mx  + Ny,  we  have 


Mdx  + Ndy 
Mx  + Ny 


x 


i i Mx  — Ny  71  ~ 


...  (3). 


Now  by  the  theorem  of  Art.  2 the  second  member  of  the 

above  equation  becomes  an  exact  differential  (its  first  term 

• • J\fjc Ny  • • 

being  already  such)  if  ^ is  a function  of  log  - ; there- 

* » ^ y y 

fore  if  it  is  a function  of  - ; therefore  if  it  is  a homogeneous 

y 

function  of  x and  y of  the  degree  0,  for  the  typical  form  of 

such  a function  is  <p  ; therefore,  finally,  if  M and  N are 

homogeneous  functions  of  x and  y of  a common  degree.  For 
let  M and  N be  homogeneous  and  of  the  71th  degree.  Then 
Mx  — Ny  and  Mx  + Ny  are  each  of  the  degree  n + 1,  and 

Ntoc Ny  • 

Mx  + Ny  ^eSree  Thus  M and  A being  homogeneous 

functions  of  the  nth  degree,  the  second  member,  and  therefore 
the  first  member  of  (3),  is  an  exact  differential. 

From  this  conclusion,  combined  with  the  previous  one,  we 
arrive  at  the  following  theorem. 


Theorem.  The  equation  Mdx  + Ndy  = 0 when  homogeneous 
is  made  integrable  by  the  factor  ’ un^e8S  ^ ** 

identically  equal  to  0,  in  which  case  Mx^Ny  ™ an  ^n^e9ra^n9 
factor. 
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Always  then  the  homogeneous  equation  Mdx  + Ndy  = 0 is 
made  integrable  either  by  the  factor  ^ , or  by  the 

factor  *■.=-  • 

Mx  — Ny 

In  the  second  place,  dividing  the  fundamental  equation  (1) 
by  Mx  — Ny,  we  have 

¥Mx-NNy  “ * + (4), 

of  which  the  second  member,  and  therefore  also  the  first 

member,  becomes  an  exact  differential  if  is  a func- 

Mx  — Ny 

tion  of  log  xy ; therefore  if  it  is  a function  of  xy ; therefore, 
finally,  if  M and  N are  of  the  respective  forms 

M = Fx  (xy)  y,  N= Ft  (xy)  x ; 

since  this  supposition  would  give 

Mx  + Ny  _ Fx  (xy)  + Ft  (xy) 

Mx  - Ny  Fl  (xy)  - F%  (xy)  ’ 

of  which  the  second  member  is  a function  of  the  product  xy. 
Hence  the  following  theorem. 

Theorem.  The  equation  Mdx  + Ndy  is  made  integrable  by 
the  factor  , when  M and  N are  of  the  respect  ive  forms 

M—  Fx  (xy)  y,  N=Ft  (xy)  x, 

unless  Mx  — Ny  is  identically  equal  to  0,  in  which  case 
is  an  integrating  factor. 

Or  the  theorem  might  be  thus  expressed.  The  equation 
Fx  (xy)  ydx  + F%  (xy)  xdy 
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is  made  integrable  by  the  factor 

1 

W {Ft  (®y)  - F3  (ay)}  ’ 


unless  we  have  identically  F1  (xy)  — Ft  {xy)  = 0,  in  which  case 

1 

xy  {t\  {xy)  + Fa  {xy)\ 

is  an  integrating  factor. 

We  may,  however,  remark  that,  in  the  particular  ease  in 
which  F1  {xy)  — Ft  {xy)  = 0,  no  factor  is  needed,  as  the  dif- 
ferential equation  may  then  be  expressed  in  the  form 

JP  {xy)  {ydx  + xdy)  = 0, 

the  first  member  being  manifestly  an  exact  differential. 


8.  The  results  of  the  above  investigation  may  be  summed 
up  as  follows. 

If  either  of  the  functions  Mx  + Ny,  Mx  — Ny  is  identically 
equal  to  0,  the  reciprocal  of  the  other  function  is  an  integrating 
factor  of  Mdx  + Ndy  = 0 ; but  if  neither  of  these  functions  is 

equal  to  0,  then  ^ w an  integrating  factor  for  the 

equation  when  homogeneous , and  ^ an  integrating 

factor  of  the  equation  when  susceptible  of  expression  in  the  form 

F1  {xy)  ydx  + Fa  {xy)  xdy  = 0. 

Ex.  1.  Given  xsdx  +•  (3 x?y  + 2 if)  dy  = 0. 

This  is  a homogeneous  equation,  and  its  integrating  factor 
according  to  the  rule  above  given  will  be 


1 

x*  + 3x*y*  + 2y* ' 

Thus  we  have,  as  an  exact  differential  equation, 

x*dx  (3 a?y  + 2 ys)dy  _ 

x 4 + ‘iFy*  + 2 y* + x*  + 3 a?jf  + 2 y*  ~ 
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Referring  then  to  Art.  2.  Chap.  Ill,  we  have 

jMdx  = f ’-f — v - - -4 . 

J Jx  + 3 x?y  + 2 y* 

]\x  +2y*  j?  + y ) 

. a:s  + 2«s  . . 

JWW)  + * [y)' 

Differentiating  this  expression  with  respect  to  y,  and  com- 
paring the  result  with  the  corresponding  term  in  (l),  we  find 

= w^ence  $ (y)  = consf->  and  we  have 

i **  + %2 

Io«V(^  = c’ 

or  <c*  + 2y*  = C \Z{x?+yv) 
for  the  integral  required. 

Ex.  2.  Given  (y  + xy1)  dx  + (x  —ytf)  dy  = 0. 

This  equation  may  be  expressed  in  the  form 
(1  + xy)  ydx  + (1  — xy)  xdy  = 0. 

Hence  its  integrating  factor,  as  given  by  the  rule,  will  be 

1 1 

Mx  — Ny  ~ (1  +xy)  xy  — (l  —xy)  xy 

1 

~-2*y 

Rejecting  the  constant  we  have,  on  multiplying  the  given 
equation  by  ^ , 


Hence 


AJ^  + iZ^rfy-O. 

x*y  xy 
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Now  Ndy  = ~ • Hence  the  complementary  function 

<f>(y)  will  be  — logy.  Thus  we  have 

log  x — log  y — = (7 

for  the  integral  required. 

Ex.  3.  Given  (a?sy*  + ay3)  dx  — (asy  4-  x'y')  dy  — 0. 

If  we  treat  this  as  a homogeneous  equation  regardless  of 
the  implied  conditions,  we  find 

1 1 

Mx  + Ny  — 0 ‘ 

The  rule  however  shews  that  when  Mx  + My  is,  as  in  the 
above  example,  identically  equal  to  0,  rePresents  an 

integrating  factor,  which  in  the  above  case  will  be 

1 

2 (*y+*yr 

The  equation  is  thus  reduced  to 

dx_dj_  = Q 

x y ’ 

whence  we  find  y = cx  as  the  complete  integral. 


9.  From  the  theorems  of  the  preceding  article  others  of 
greater  generality  may  be  deduced  by  transformation.  Thus, 
since  the  equation  Fl  (xy)  ydx  + Ft  (xy)xdy  is  made  integrable 


*>y 


the  factor 


l 

xy  \z\  (*y)  -FA*y)} 


, it  follows  that  the  equation 


Fl  (uv)  vdu  + F3  (uv)  udv 


is  made  integrable  by  the  factor 


uv  {Fl{uv)~F3{uv)},U  and 
v being  any  functions  of  x and  y.  Hence  expressing  du  in 
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the  form  — dx  + ^dy,  and  dv  in  the  form  ^dx  + — dy,  we 
dx  dy  J dx  dy  J 

see  that  the  equation 

^ (uv)  v Ft  (uv)  u^j  dx  + j A}  (uv)  v ~ (uv)  u Ay = 0 


is  made  into  arable  by  the  factor  — -77— — r — -r , what- 

J uv  (A,  (uv)  - Aa  (mu)}  ’ 

ever  functions  of  x and  y are  represented  by  u and  v.  And, 
on  giving  particular  forms  to  these  functions,  particular  con- 
ditions of  integration  of  the  equation  Mdx  + Ndy  = 0 present 
themselves. 


10.  An  integrating  factor  for  homogeneous  equations  may 
also  be  found  by  the  following  method,  due  to  Professor  Stokes, 
who  first  pointed  out  the  necessity  of  the  condition  relative 
to  the  function  Mx  + Ny  ( Cambridge  Mathematical  Journal , 
Vol.  IV.  p.  241.  First  Series). 

Suppose  M and  N to  be  homogeneous  functions  of  x and  y 


of  the  degree  n.  Then  we  may  write 

M=xn<f>(v),  AT=xni|r(u) (1), 

where  v stands  for  — . 

x 

Hence  Mdx  + Ndy  = xn<f>  (v)dx  + xayjr  (v)dy (2). 


But  y = xv,  therefore  dy  = xdv  4-  vdx.  Substituting  this  value 
of  dy  in  the  second  member,  we  have 

Mdx  + Ndy  = xn  {(f> (v)  + vifr  (u)}  dx  + xn+1-yfr  (v)dv  ...  (3). 

Two  cases  here  present  themselves. 

First,  the  constitution  of  the  functions  cf>  (u)  and  yfr  (u)  may 
be  such  that  <f>  (u)  + mfr  (u)  may  be  identically  equal  to  0. 
This  will  happen  if  Mx  + Ny  is  identically  equal  to  0,  since 


ty  (!) 

Mx  + Ny  = x*n  {(p  (v)  + u^(u)} (4). 

B.  D.  E.  5 
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In  this  case  the  equation  (3)  reduces  itself  to 

Mdx  + Ndy  — xn+1  yjr  (v)  dv, 

Mdx  + Ndy  , , x 7 
or  — - = f (v)  dv. 

Now  the  second  member  *being  an  exact  differential  the  first 
is  so  also,  and  Mdx  + Ndy  is  therefore  made  integrable  by 

the  factor  — . 


Secondly,  the  constitution  of  (f>  (v)  and  i|r  (v)  may  be  such 
that  <f>  (v)  + mfr  ( v ) is  not  identically  equal  to  0.  And  this 
happens  when  Mx  + Ny  is  not  identically  equal  to  0. 


In  this  case  dividing  both  members  of  (3)  by 


xH+1  {(f>{v)  + vyfr  (v)}, 

we  have 


Mdx  + Ndy  _ dx 
x’,+1  [<f>  {y)  + vyfr  (v)}  x 


yfr  ( v ) dv 
<f>  (v)  + v^r  (v) ' 


But  the  second  member  being  an  exact  differential  the  first 
also  is  such.  Now 


Mdx  + Ndy  _ Mdx  + Ndy 


x 


by  (4). 


[<f>  (v)  + v^ff  (u){  Mx  + Ny 
Here  then  Mdx  + Ndy  is  made  integrable  by  the  factor 


Mx  + Ny  * 

Combining  these  results  together,  we  see  that  the  homo- 
geneous equation  Mdx  + Ndy  = 0 is  made  integrable  by  the 

factor  rr? , unless  the  constitution  of  M and  N is  such 

Mx  + Ny 

as  to  make  that  factor  infinite.  In  the  latter  case  — will  be 
an  integrating  factor,  n being  the  degree  of  M and  N. 
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The  form  of  the  supplementary  integrating  factor  as  given 
by  the  above  investigation  is  different  from  that  before  ob- 
tained. The  results  are  however  perfectly  consistent. 

For  a more  complete  analysis  of  the  problem  which  has  for 
its  object  the  discovery  of  the  integrating  factors  of  a homo- 
geneous equation  we  must  have  recourse  to  the  method  of  the 
next  chapter. 


EXERCISES. 

1.  Shew  by  the  application  of  the  theorem  of  Art.  3,  that 

the  expression  x2y2  + + y2  + (2xy  — 1 ) (x  +y)  is  a function 

of  x and  y,  only  as  being  a function  of  xy  + x + y. 

2.  A particular  integrating  factor  of  the  equation 

2 xydx  + (y2  — 3a;2)  dy  = 0 is  y~*. 

Prove  this,  and  deduce  another  integrating  factor  by  the 
formula  established  in  Art.  7 for  homogeneous  equations. 

3.  Exhibit  the  general  form  under  which  all  the  integrat- 
ing factors  of  the  above  equation  are  comprehended. 

4.  Deduce  in  like  manner  the  functional  expression  for  all 
the  integrating  factors  of  the  equation 

— % (—— — o. 

x y \y  x) 

5.  Obtain  integrating  factors  for  the  homogeneous  equa- 
tions : 

(1)  xdy  — ydx  = *J(z?  + if)  dx. 

(2)  {8y +\0x)  dx+ (by + lx)  dy  = 0. 

(3)  (a?  + 2 xy  — f)  dx  + (y1  + 2 xy  — a?)  dy  = 0. 

(4)  y*+(xy  + o?)&  = 0. 

5—2 
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(5)  [a: cos  - + y sin  -)ydx  + (tecos  - — ysin  - ) xdy  = 0. 

\ X XJ  \ X X/ 


5.  Exhibit  the  corresponding  integrals  of  the  above  equa- 
tions. 


6.  The  formula 


1 


fails  to  give  an  integrating’ 


Mx  + Ny 

xdy vdx 

factor  for  the  homogeneous  equation  - £ ■ , - = 0.  What 

formula  ought  here  to  be  employed  and  to  what  result  does  it 
lead? 


7.  Determine  an  integrating  factor  of  each  of  the  equations 

(1)  (xY  + xy)  ydx  + {x y - 1)  xdy  = 0. 

(2)  {xY+  +xy+ 1)  ydx  + (ady3  — ady3—  xy  + 1)  xdy=  0. 
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CHAPTER  Y. 

ON  THE  GENERAL  DETERMINATION  OP  THE  INTEGRATING 
FACTORS  OF  THE  EQUATION  Mdx  + Ndy  = 0. 


1.  PROP.  It  is  required  to  form  a differential  equation  for 
determining  in  the  most  general  manner  the  integrating  factors 
of  the  equation  Mdx  + Ndy  — 0. 

Let  fi  he  any  integrating  factor  of  the  above  equation,  then 
since  fiMdx  + y.Ndy  is  by  hypothesis  an  exact  differential, 
we  have  by  Art.  1,  Chap.  III. 

d(fiN) 
dx  dy 

Hence 


Nf 

dx 


+ fi 


^N_ 

dx  dy 


+ 


dM 


or,  by  transposition, 


,,<Aa  T,rda  (dM  dN\ 
which  is  the  equation  required. 


(1), 


Now  this  equation  involves  the  partial  differential  co- 
efficients of  fi  taken  with  respect  to  x and  y.  It  is  therefore  a 
partial  differential  equation.  We  have  not  the  means  of  solv- 
ing it  generally,  and  it  will  hereafter  appear  that  its  general 
solution  would,  demand  a previous  general  solution  of  the  dif- 
ferential equation  Mdx  + Ndy  = 0,  of  which  is  the  integrating 
factor.  But  there  are  many  cases  in  which  we  can  solve  the 
equation  under  some  restrictive  condition  or  hypothesis,  and 
the  form  of  the  solution  obtained  will  always  indicate  when 
the  supposed  condition  or  hypothesis  is  legitimate. 
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The  following  are  examples  of  such  solutions. 

2.  Let  /jl  be  a function  of  one  of  the  variables  only,  e.g. 
suppose  fi  = <f>  (x),  then  since  = 0,  we  have  from  (1) 


Therefore 


Or 


<*>» 

<f>(x) 


dM_dN 
dy  dx 

:~N~~  ’ 

dM 


dN 

dx 


Now  if  the  second  member  of  this  equation  is  a function  of 
x the  equation  is  integrable,  and  we  have 

fdM_dN 
dy  dx 


log  <p  [x)  = 


£ 


Whence 


XT 


dx. 


fdM  , 

= eJ  n 


dM  dN 
dx 


dx 


(2). 


We  have  seen  that  the  hypothesis  assumed  as  the  basis  of 
the  above  solution,  viz.  that  the  integrating  factor  y,  is  a 
function  of  x only,  is  legitimate  when  the  constitution  of  the 
functions  M and  N is  such  that  the  expression 


fM_dN\ 
, dy  dx  J 


{dy 


N 


is  a function  of  x only.  In  this  case  (2)  enables  us  to  deter- 
mine the  value  of  fi. 

In  like  manner  the  condition  under  which  y.  is  a function 
of  y only,  is 

dN  dM 

^ jj a function  of  y only (3), 
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and  the  value  of  fi,  on  this  hypothesis,  is 

rdN_<m 
Id. z du  . 

fi  — eJ  m (4). 

Ex.  Let  us  inquire  whether  the  equation 

(3®*  + 6xy  + 3y!)  + (2a^  + 3 xy)  dy  = 0 (5), 

admits  of  an  integrating  factor  which  is  a function  of  x only. 
Making  M = 3a?  + Gxy  + 3 y*,  N = 2xi  + 3 xy,  we  find 


dM_dN 

dy  dx  _ 62;  + 6 y — (4a:  + 3 y)  _ 1 

N 2a?  + 3xy  x ’ 

and  this  result  being  a function  of  x alone,  the  determination 
of  /i  as  a function  of  x alone  is  seen  to  be  possible.  From  (2) 
we  now  find 

fjb  = J^=  Cx, 


C being  an  arbitrary  constant. 

Now  multiplying  (5)  by  Cx,  we  have 

C {(3a;8  + 6 a?y  + 3xyl)  dx  + (2x3  + 3 a?y)  dy)  = 0. 


The  first  member  of  this  equation  remains  a complete  differ- 
ential whatever  value  we  assign  to  C.  If  we  make  (7=1,  and 
integrate,  we  find 


3x* 

4 


+ 22^4 


3«y  . 


the  integral  sought. 

The  student  may  obtain  also  the  same  result  by  solving  (5) 
as  a homogeneous  equation. 


The  linear  differential  equation  of  the  first  order 

w- 

P and  Q being  functions  of  x,  may  be  solved  by  the  above 
method. 

For,  reducing  it  to  the  form 

(. Py  - Q)dx  + dy  = 0 (7), 
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we  have  M — Py—  Q,  N=  1,  whence 

dM_dN 
dy  dx 


N 


= P, 


which  being  a function  of  x we  find  from  (2) 

Multiplying  (7)  by  the  factor  thus  determined,  we  have 

€/pdx  ^py  _ dxJr  efpdx  fly  _ ^ 

the  first  member  of  which  is  now  the  exact  differential  of  the 
function 

e/M*y  — J e/pdx  Qdx. 

Equating  this  expression  to  an  arbitrary  constant  C,  we  find 

y=ffMx{G+jefpixQdx } (8), 

which  agrees  with  the  result  of  Art.  10,  Chap.  n. 


3.  Let  it  be  required  to  determine  the  conditions  under  which 
the  equation  Mdx  + Ndy  = 0,  can  be  made  integrable  by  a factor 
/j.  which  is  a function  of  the  product  xy. 

Representing  xy  by  v and  making  p = j){y),  the  partial  dif- 
ferential equation  (1)  becomes 


. . dv  dv  r.  J 

whence,  since  — y,  fl^  = x j we  “nd 


dM_dN 
$ (t>)  _ dy dx 

4>{v)  Ny-Mx K)' 

Thus  the  condition  sought  is  that  the  second  member  of  the 
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above  equation  be  reducible  to  a function  of  v alone,  i.  e.  of 
xy  alone.  And  the  corresponding  value  of  y.  is 


rdUdN 
I rfjy  dx 
, = eJ  Ny-Mx 


dv 


fl=.ejNt-MX  (10). 

One  case  in  which  the  above  condition  is  satisfied  is  the 
following,  viz. 

Fx  {xy)  ydx  + Ft{xy)xdy  = 0 (11). 

Making  M=  F1{v)  y,  N=Fa  (v)  x,  and  observing  that  since 

dv  dv  „ . 

V=XH'  we«nd 

dM_dN 

dy  ~dx  _ F1  (v)  4-  vFx  (v)  — Ft  (v)  — vFa  {v) 

Ny  — Mx  v (A2  (v)  — (v)} 

f,{v)-fm  + v\f:{v)-f;  (P)| 

v [Fx  (v)  - Fa  («)} 

i f;{v)-f;{v) 
v Fx  («)  - FJLv)  ’ 

a function  of  v alone. 

Multiplying  by  dv  and  integrating,  we  have 
IM  dN 


fi 


* — log,  - log  K (,)  - Ft  (,)). 


Hence, 


fi  = 


1 

1 


xy  [Fi  (xy)  - Fa  {xy)}  ■ 
This  accords  with  a result  of  Art.  7,  Chap.  iv. 


Ex.  1.  Thus  the  equation  {x*y*  4-  1)  ydx  + [Fy1  — 1)  xdy 

becomes  integrable  on  being  multiplied  by  the  factor  — — , 

which  is  found  by  substituting  in  the  previous  expression 
+ 1 for  Fx  {xy),  and  x?y*  — 1 for  F%  {xy). 
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The  final  solution  is 

l°g®y=c. 

Ex.  2.  The  equation 

(2»*y*  — y)  efo;  + (2a:,ys  — x)dy  = 0, 

does  not  fall  under  the  type  (11),  but  the  values  which  it  fur- 
nishes for  M and  N give 

dJf_dN 

dy  dx  _ 4 a?y  — 1 — (4 y* x — \) 

-Ay  — Mx  2 a?y*  —xy  — (2x*y‘—  xy) 

2_ 2 

~ xy~  v’ 

so  that  the  condition  of  integrability  by  a factor  of  the  form 
f (xy)  is  satisfied.  Hence 

* 

1 1 

Multiplying  the  equation  by  this  factor,  and  integrating,  we 
find  for  the  primitive 

a*  + — + y*  = C. 
xy  9 

4.  It  is  required  to  investigate  the  conditions  under  which 
the  equation  Mdx  + Ndy  = 0 can  he  made  integrable  by  a 
factor  which  is  a homogeneous  function  of  x and  y of  the 
degree  0. 

As  y.  must  be  of  the  form  <f>  let  us  represent  ^ by  v,  and 

then  assuming  fi  = (f>(v),  and  observing  that 

dv  _ — y dv  _ 1 
dx  x 2 ’ dy  x ' 
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the  partial  differential  equation  (1)  becomes 


- an  w J - an  (v)  i = (f  - § ) * („) (12), 


<£'(«) 


^(dN_dM\ 

\dx  du] 


whence  ... ,, irr~ 

9 ( v ) Mx  + Ny 

Thus  the  condition  sought  is  that  the  second  member  of  the 
above  equation  should  be  a function  of  v,  i.  e.  of  - 


x 


And  the  corresponding  value  of  g is 

rdN  dM\ 


fa 

rSdxdjJ 

fi  — eJ  ux+sy  . 


But  since  every  function  of  ^ is  homogeneous  and  of  the 

degree  0,  with  reference  to  the  variables  * and  y,  we  may 
express  the  above  results  in  the  following  theorem. 

In  order  that  the  equation  Mdx  + Ndy  = 0 may  he  made 
integrahle  by  a factor  g which  is  a homogeneous  function  of  x and 
y of  the  degree  0,  it  is  necessary  and  sufficient  that  the  function 

(13), 

should  he  also  homogeneous  and  of  the  degree  0.  This  con- 
dition being  satisfied , the  value  of  g will  he 

g = e//w* (14), 

where  v stands  for  ^ , and  fig) ) is  what  the  function  (13)  is 
reduced  to  by  this  transformation. 


(dN_dM\ 

\dx  dy ) 
Mx  + Ny 


The  above  investigation  fails  when  the  constitution  of  the 
functions  M and  N is  such  that  we  have  identically 

Mx  + Ny  = 0. 

An  integrating  factor  for  this  case  has  already  been  found  in 
the  preceding  chapter. 
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We  proceed  to  notice  some  of  the  consequences  of  the 
above  theorem. 

It  is  evident  that  the  condition  which  it  involves  will  be 
satisfied  when  M and  N are  homogeneous  functions  of  x and  y. 
For,  supposing  them  to  be  homogeneous  and  of  the  n**1  degree, 
the  numerator  and  denominator  of  the  fraction  (13)  will  each 
be  of  the  n + 1th  degree,  and  the  fraction  itself  therefore  of  the 
degree  0,  the  condition  required. 

It  is  not  however  by  homogeneous  equations  only  that 
this  condition  is  satisfied,  and  it  is  sometimes  worth  while  to 
inquire  into  its  applicability  in  other  cases.  Thus  for  the 
equation 

(t  + sec|)<&-piy  = 0 
we  should  find  the  integrating  factor  cos  - . 


5.  It  is  required  to  investigate  the  conditions  under  which 
the  equation  Mdx  + Ndy  — 0 can  he  made  integrable  hy  afac- 
tor  fi,  which  is  a homogeneous  function  of  the  degree  n. 

Assuming  fi  = xn<f>  (~^J  , the  partial  differential  equation  (1) 
becomes 

N (I)  - (;)}  - f © 

(dM  dN\  fy\ 

\dy  ~~dx)  ^ W * 

Dividing  by  a?~*  and  transposing,  we  get 

( Mx  + N„)  (|)  = ja?  (gj  - + »Vx}  * (* ) , 


whence 


♦(£ 


■y_ 

Mx  +~^iy 
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y 

Let  ~.  — v,  and  suppose  the  second  member  to  assume  the 

form/(v) ; then,  multiplying  both  sides  by  do  and  integrating, 
we  have 

log  <p  (t>)  =Jf(v)  dv. 

Hence  p = xn<f)  (v)  = xne^Mi”. 

Thus  we  arrive  at  the  following  theorem. 


THEOREM.  In  order  that  the  equation  Mdx  + Ndy  = 0 may 
be  made  integrable  by  a factor  p,  which  is  a homogeneous  func- 
tion of  x and  y of  the  nUl  degree , it  is  necessary , and  it  suffices, 
that  on  making  y — vx  the  function 


x 


(dE^dM\+nNx 

\ J 7 I I / Wii*/ 

\ ax  ay  J 


Mx  + Ny 


(15), 


should  assume  the  form  f(v).  This  condition  being  satisfied, 
the  expression  for  p will  be 


wherein  v = - . 

x 


p = xne 


/A »W» 


(16). 


It  will  be  noted  that  the  condition  that  (15)  shall  be  a 
function  of  v,  is  the  same  as  the  condition  that  it  shall  be  a 
homogeneous  function  of  x and  y of  the  degree  0. 

The  theorem  fails  when  Mx  + Ny  = 0,  a case  already  con- 
sidered. 

Ex.  1.  Required  to  determine  whether  the  equation 

(2x3  + 3 a?y  + y*  — y3)  dx+  (2 y3  + 3 xy*  + x*  — x3)  dy  — 0 

admits  of  an  integrating  factor  which  is  a homogeneous  func- 
tion of  x and  y. 
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Here  M=  2x3  + 3 a?y  + y1-  y\  N=  2 / + 3 xy'  + a?-x3, 


~ = 3a? +2y-  3/, 
dy 


dN 

dx 


= 3]f  + 2x  — 3x2, 


dN  dM  _ 
dx  dy 

Hence,  on  substitution, 


6ys  — bx?  + 2x  — 2y. 


a? 


fd_N_dM\  + nNx 
\dx  dy  J 
Mm  4-  Nu 


— (n  + 6)  a?  + (3n  + 6)  a?y s + 2 nxy*  + (n  + 2)  a?  — 2 a?y 
2a;4  + 2 a?y  + 2 xy3  + 2if  + x2y  + xif 


We  are  now  to  inquire  whether  there  exists  any  value  of  n 
which  reduces  the  second  member  of  the  above  equation  to  a 
homogeneous  function  of  x and  y of  the  degree  0. 

That  member  may  be  expressed  in  the  form 

- x (a  + 6)  a?  — (3x  + 6)  xtf  — 2ny3  — (n  + 2)  a?  + 2xy 
x + y X 2x3  + 2y3  + xy 

and  it  is  now  plain  that  if  any  value  of  n will  answer  the 
required  condition,  it  must  be  one  which  will  make  the  terms 
containing  xy2  and  a?  in  the  numerator  of  the  second  factor 
vanish.  Making  then  n = — 2,  we  have 

— x 4 a?  + 4 ys  + 2 xy  _—2x 

x+y  X 2a?+2y3  + xy  ~ x + y 

-2 

~l  + v' 


r-vdn 

Hence  y = x~Qe  1+” 


c 


c 

~ [x+y)2' 
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Multiplying  the  given  equation  by  this  factor  and  integrating, 
we  find  as  the  primitive  equation 

x*  + xy  + y*  _ c 
x + y 

In  the  case  of  homogeneous  equations  the  condition  in- 
volved in  the  general  theorem  will  be  satisfied  independently 
of  the  value  of  n,  the  particular  case  in  which  Mx  + Ny  = 0 
excepted.  It  follows  hence  that  with  this  exception  we  can 
find  an  integrating  factor  of  any  proposed  degree  for  the 
homogeneous  equation  Mdx  + Ndy  = 0. 

Ex.  2.  Required  two  integrating  factors  of  the  respective 
degrees  0 and  1 for  the  equation 

(3x  + 2y)  dx  + xdy  = 0. 

First  making  M = 3x  + 2 y,  N—x,  and  n = 0,  we  have 


dM 

\dx 

dy , 

+ nNx 


Mx  + Ny 


— x 

3 (x  + y)' 


Hence 


/(*)- 


-1 


3(l  + «)’ 


Secondly,  making  M = 3a:  + 2y,  N =■  x,  n = 1 , we  have 


Mx  +Ny 


= 0. 


Hence 


/(«)  = o» 

fl  = xNn')i'  = CX. 

Thus  replacing  each  of  the  constants  c and  c'  by  imity,  the 
integrating  factors  in  question  are  and  x. 
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Multiplying  by  the  second  factor  x and  integrating,  we 
find  xa  + x*y  = G for  the  primitive. 

Again,  if  in  illustration  of  the  concluding  observation  of 
Art.  5,  Chap.  IV.,  we  equate  to  an  arbitrary  constant  the  ratio 
of  the  second  factor  to  the  first,  we  have 

(x  + y)^  = constant, 

which  being  equivalent  to 

a?  (x  + y)  = constant, 

agrees  with  the  previous  solution. 


Let  us  next  examine  the  general  results  to  which  the 
theorem  leads,  when  M and  N are  homogeneous  and  of  the 
wi**1  degree. 

The  general  forms  of  M and  N will  be  on  putting  v for  - , 
M=xn  <f>  (»),  N = xm  -^r  (v). 

Hence,  observing  that 
dN 

-T-  = rnxm  xm_2  yf'  ( v ), 


dM 

dy 


— x 


$ (») ; 


we  have  on  substituting  in  the  expression  for  f(v),  and 
dividing  numerator  and  denominator  of  the  result  by  xm **, 


/(»)=“ 


(m  + n)  yfr  (v)  — w*]r'  (v)  — <f>'  (y) 
<f)  ( V ) + v^r  ( v ) 


(17). 


If  we  make  n,  the  value  of  which  may  be  chosen  at  plea- 
sure, equal  to  — m — 1,  we  have 

xt\  _ _ ^ (v)  + tjr'  ( y ) + <f>'  (v) 

J </>(«)  + v\fr  (y) 

Multiplying  by  dv  and  integrating, 

If  ( v ) dv--  log  {<f>  ( v ) + vf  (w)}. 
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Hence, 


y = x'e/,Mdv 


C 


xm+l  [<f>  (v)  + vyfr  (u)} 

C 


Mx  + Ny 


.(18). 


And  here  again  it  results  that  the  homogeneous  equation 
Mdx  + Ndy  = 0,  may  be  made  integrable  by  the  factor 

M + Ay  ’ exceP*  *n  ^ie  Par^cu^ar  case  in  which  the  con- 
stitution of  M and  N is  such  as  to  make  Mx  +Ny  = 0.  More- 
over this  theorem  is  seen  to  be  only  a particular  consequence 
of  the  general  theory  of  the  integrating  factors  of  homogeneous 
equations. 

Resuming  (17)  which  we  may  write  in  the  form 

{m,  + n + 1)  yfr  (v)  — \\{r  (y)  + yyjr'  ( v ) + <f>  (v)} 

* 1 <j)  (v)  + v^r  [v) 

we  have 

jf{v)  dv={m  + n+l)  j -log  {<f>  (v)  + vf  (v)}, 

by  the  substitution  of  which,  combined  with  the  previous  re- 
duction, the  general  value  of  y becomes 


fi  = 


xmrn+l  e, 


.(m-Hi+l  )J<p(v)+Vti,(V) 


Mx  + Ny 


(19), 


which  is  the  general  expression  for  an  integrating  factor  of  the 
nth  degree,  supposing  n not  equal  to  — m—  1. 

If  we  now  equate  to  an  arbitrary  constant  the  ratio  borne  by 
the  last  value  of  y to  the  previous  one  (18),  we  have 


C <Hv)dv 

jgin+ti+l  e(m+n+l) 


B.  D.  E. 
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which  is  readily  reducible  to 

(20)- 

Now  this  is  the  very  solution  of  the  homogeneous  equation 
Mdx  + Ndy  = 0,  obtained  by  the  direct  assumption  y = vx,  in 
Art.  8,  Chap.  II. 

We  thus  see  that  in  the  case  of  homogeneous  equations  the 
employment  of  integrating  factors  conducts  us,  but  by  a more 
lengthened  route,  to  the  same  final  integrals  as  the  direct 
method  of  Chap.  II.  It  is  difficult  to  lay  down  any  general 
rule  as  to  the  value  of  concurrent  methods,  but  it  would  pro- 
bably be  not  very  remote  from  truth  to  say,  that  the  peculiar 
advantage  of  the  theory  of  integrating  factors  consists  rather 
in  its  appropriateness  for  the  investigation  of  conditions  under 
which  solution  is  possible,  than  in  the  actual  processes  of  solu- 
tion to  which  it  leads. 

6.  The  following  application  of  .the  theorem  is  of  a more 
general  character. 

The  equation 

Pfix  + Pfiy  + Q (; xdy  — ydx ) = 0 (21), 

where  Px  and  P2  are  homogeneous  functions  of  x and  y of  the 
degree^,  and  Q is  a homogeneous  function  of  x and  y of  the 
degree  q,  may  be  rendered  integrable  by  a factor  p which  is  a 
homogeneous  function  of  x and  y of  the  degree  —q  — 2. 

Here  M=PX  — Qy,  jV=  P2  + Qx. 

Hence  Mx  + Ny  = Pqx  + Pjj. 

Thus  the  denominator  of  (15)  is  the  same  as  if  M and  N were 
reduced  to  their  first  terms  Pt  and  P2.  And  the  numerator 
remains  the  same  also.  For  the  addition  which  the  second 
terms  of  M and  N,  viz.  — Qy  and  Qx  make  thereto,  is 

x*  (Qx)  «fr)J  + nQ*?, 
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which,  on  effecting  the  differentiation,  becomes 


*'{xs+»'i+<’‘+2)<3}’ 

but  Q being  by  hypothesis  homogeneous  of  the  2th  degree, 
whence, 


dQ  dQ  ~ 


the  above  expression  reduces  to 


x*  (q  + n + 2)  Q, 

and  vanishes  if  n is  made  equal  to  —q  — 2.  Thus  (15)  as- 
sumes the  same  form  as  if  M and  N were  homogeneous  of  the 
degree  p,  and  the  condition  of  the  theorem  is  satisfied. 


7.  All  the  applications  which  we  have  hitherto  made 
of  the  partial  differential  equation  (1)  are  of  one  type.  The 
general  problem  which  they  exemplify  is  the  following.  Under 
what  condition  does  the  equation  Mdx  + Ndy  = 0 admit  of 
being  made  integrable  by  a factor  of  the  form  <f>  (v)  where  v is 
a known  and  definite  function  of  x and  y ? Let  us  examine 
the  general  form  of  its  solution. 


On  substituting  (f>  ( v ) for  /x  in  (1),  we  find 


<f>(v) 


dM_dN 
dy  dx 
T.Tdv  -,rdv 

Nn-M*, 


(22). 


The  condition  sought  then  is  that  the  second  member  of  this 
equation  should  be  a function  of  v.  Representing  that  func- 
tion b yf{v)  the  corresponding  value  of  /x  is 

= efMi’ (23). 


Any  special  case  may  be  treated  either  independently  as  in 
the  previous  examples,  or  by  directly  referring  it  to  the  above 
general  form. 


6—2 
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Thus  a direct  reference  to  the  above  theorem  shews  that  the 
condition  which  must  be  satisfied  in  order  that  the  equation 
Mdx  + Ndy  = 0 may  admit  of  an  integrating  factor  of  the 
form  <f>  (x*  + y)  is  that  the  function 

dM_dJX 
dy  dx 
2Nx  — M ’ 

should  be  a function  of  x*  + y.  And  the  mode  of  determining 
this  point  would  be  to  assume  x*  + y = v,  and,  thence  deducing 
y = v — x1,  to  substitute  that  value  of  y in  the  above  function, 
and  see  whether  the  result  assumed  the  form  f(v).  The 
equation  (23)  would  then  give  the  value  of  y.  And  this  mode 
of  procedure  is  general. 

8.  When  by  the  discovery  of  an  integrating  factor  the 
possibility  of  solving  a differential  equation  has  been  esta- 
blished, there  is  no  more  valuable  exercise  than  to  endeavour 
to  effect  the  same  object  by  other  means. 

Let  us  take  as  an  example  the  equation  considered  in 
Art.  6,  viz. 

Pjdx  + Pjdy  + Q {xdy  — ydx)  = 0 (24). 

Px  and  P2  being  homogeneous  of  the  degree  p,  and  Q homo- 
geneous of  the  degree  q. 

Let  P1  = x*<l>  (|)  , P,  = x , Q = PX(^j  , then 

making  ^ = v,  whence  flow 

dy  = xdv  + vdx 
xdy  — ydx  = Pdv, 

the  given  equation  expressed  in  terms  of  the  variables  x and  v, 
becomes 

xr(f>  (v)  dx  + xp\f/  (v)  ( xdv  + vdx)  + xqX  (v)  x oddv  — 0, 
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and  assumes  on  transposition  and  division  the  form 


dx 


'I'  0) 


dv  <f>  (y)  + v\fs  (v) 


x = 


X(v) 

(f>  («)  + V\js  {v) 


X X 


•T-p+S 


.(25). 


Now  the  reducibility  of  an  equation  of  this  form  to  a linear 
form  lias  been  established  in  Chap.  II.  Art.  11. 

Under  the  general  form  (24)  are  virtually  included  some 
remarkable  equations  which  have  been  made  the  subjects  of 
distinct  investigations. 

Thus  Jacobi  has,  by  an  analysis  of  a very  peculiar  character, 
solved  the  differential  equation.  (Crelle’s  Journal,  Yol.  xxxiv.) 


(A  + Ax  + A"y)  ( xdy  — ydx)  — [B  + B’x  + B"y)  dy 


+ ( C+  C'x  + C"y)  dx  — 0 (26). 


If,  however,  we  assume  in  that  equation 

* = £ + «,  y-n  + fi, 


we  can,  by  a proper  determination  of  the  constants  a and  (3, 
reduce  it  to  the  form 


(erf  + at])  (£dri  — „c?f)  - (if  + b’t /)  d, ; + (cf  + c'»?)  d£  = 0, 

which  falls  under  (24).  On  effecting  the  substitution  in  ques- 
tion the  equations  for  determining  a and  /9  will  be  found  to  be 

a(A  + A’ a + A"0)  -{B+  B’a  + B "0)  = 0, 

-t3{A  + A'a  + A"/3)+C+C'a+C"/3  =0. 


The  most  convenient  mode  of  solving  these  equations  is  to 
write  them  in  the  symmetrical  form 


B+B'a  + B"/3 
a 


C+  C'a+  C"@  _ A 


+ A'a  + A"l3, 


then,  equating  each  of  these  expressions  to  X,  we  find 
A — \ + A a + A" /3  = 0, 

B+(B'  — X)  a + B"ft  = 0, 

C+  C'a+{C"-\)ft  = 0, 
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from  which  eliminating  a and  /3  we  have  the  cubic  equation 

(A  - X)  ( B ' - A)  ( G"  - X)  - B"  C'  (A-\)-  A"  G (. B ' - A) 

- A'B  [G'-\)  + A'B"C—A"BC'  = 0 (27). 

If  a value  of  X be  found  from  this  equation,  any  two  equa- 
tions of  the  preceding  system  will  give  a and  /3. 

9.  The  present  chapter  would  be  incomplete  without  some 
notice  of  a method  which  was  largely  employed  by  Euler. 

That  method  consisted  in  assuming  /a  to  be  a function 
definite  in  form  as  respects  the  variable  y,  but  involving  un- 
known functions  of  x as  the  coefficients  of  the  several  powers 

of  y. 

After  the  substitution  of  this  form  of  fi  in  the  partial  differen- 
tial equation  (1),  the  result  is  arranged  according  to  the  powers 
of  y,  and  the  coefficients  of  those  powers  separately  equated  to 

O.  This  gives  a series  of  simultaneous  differential  equations 
for  the  determination  of  the  unknown  functions  of  x.  But  for 
the  success  of  the  method  it  is  necessary  that  the  primary- 
assumption  for  fi  should  have  been  chosen  with  some  special 
fitness  to  the  object  proposed.  The  following  is  an  example. 

Required  the  conditions  under  which  the  equation 

Pydx  +(y+  Q)dy  = 0 

admits  of  being  made  integrable  by  a factor  of  the  form 

i 

Tf  + Rif  + Sy' 

P,  Q,  Jt  and  S being  functions  of  x. 

In  the  partial  differential  equation  (1),  making 

M-Py,  N-y+Q,  p - yyjy  -+-  ^ ■ 
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clearing  the  result  of  fractions  and  arranging  it  according  to 
the  powers  of  y,  we  have 


(u,+  s-S)^+(i®+J,*-«s-aB)»r 




(28). 


Whence,  equating  separately  to  0 the  coefficients  of  the  dif- 
ferent powers  of  y,  we  have  the  ternary  system 


dQ  dR 

2P  + — — -j-  = 0 

dx  dx 


(29), 


FR  + R^  - o 

dx  dx  dx 


(30), 


S^--QdS  = 0 

dx  dx 


(31). 


The  last  equation  gives  S=cQ,  c being  an  arbitrary  constant. 
Substituting  this  value  of  S in  the  equation  obtained  by 
eliminating  Pfrom  the  first  two  equations  of  the  system,  we 
find 

(2c  — R)  dQ  + 2 QdR  = RdR, 

or,  regarding  therein  R as  the  independent  and  Q as  the  de- 
pendent variable, 

(2c-R)^  + 2Q  = R, 


a linear  equation  of  which  the  solution  is 
Q=(R-c)+c'  (R-2c)\ 

Hence  we  have 

S = c (R  — c)  +cc  (R  — 2c)*, 

and  from  the  substitution  of  these  values  in  the  first  equation 
of  the  ternary  system, 

p=- '<*-*)§■ 
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These  values  of  S,  Q,  and  P,  in  which  R is  arbitrary,  re- 
duce the  given  differential  equation  to  the  form 

{(R  — c ) + c'  (JR  — 2 cf  + y)  dy  — c'y  (R  — 2c)  dR  = 0 ...  (32), 

and  present  its  integrating  factor  in  the  form 


1 

ya+Ry't+{c (R  — c)+cc'(R— 2c)*\y  ’ 


R being  an  arbitrary  function  of  x. 

For  other  examples  the  student  is  referred  to  Lacroix 
(Traite  du  Calcul.  Diff.  et  du  Calcul.  Int.  Yol.  II.  Cap.  IV.) 
The  results  of  this  method  are  usually  of  a very  complex 
character,  while  their  generality  is  limited  by  the  restrictions 
which  must  be  imposed  in  order  to  render  the  system  of  re- 
ducing equations  solvable.  Thus  Euler’s  equation  above 
considered  is  virtually  only  a limited  case  of  the  general 
equation  (21).  If  we  assume 


it  becomes 


y + c = s,  R — 2c  = t, 

(s  + t)ds  + cc'tdt  + c't  (tds  — sdt ), 


which  evidently  falls  under  that  equation. 


EXERCISES. 

1.  The  following  equations  admit  of  integrating  factors 
of  the  form  </>  (x),  viz. 

(1)  (a:4  + y*  + 2x)  dx  + 2y  dy  = 0. 

(2)  («*  + y2)  dx  — 2 xy  dy  = 0. 

Determine  these  factors  and  integrate  the  equations. 

2.  The  equation  2 xy  dx  + (?/  — 3a?)  dy  = 0,  has  an  inte- 
grating factor  which  is  a function  of  y.  Determine  it,  and 
integrate  the  equation. 

3.  Find  those  integrating  factors  of  the  equation 

ydx  + (2  y — x)dy  = 0 
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which  are  homogeneous  functions  of  x and  y of  the  respective 
degrees  0 and  — 2,  and  from  the  consideration  of  those  factors 
deduce  the  complete  primitive  of  the  equation. 


4.  For  each  of  the  following  equations  examine  whether 
there  exists  an  integrating  factor  y satisfying  the  particular 
condition  specified,  and  if  so  determine  the  factor,  and  integrate 
the  equation. 

(1)  y (x2  + y2)  dx  + x ( xdy  — ydx)  = 0,  y a homogeneous 
function  of  the  degree  — 3. 

(2)  (y8  + axy2)  dy  — ay9dx  + (x  + y)  [xdy  — ydx),  y as  in 
the  previous  example. 


(3) 


(y  + x)  dy  + ydx  — xd 


= 0, 


y homogeneous  of  the 


degree  — 1. 

(4)  (ad  + y2  + 1)  dx  — 2xydy  = 0,  y a function  of  y*  — a?. 

(5)  (y  - 3 x'y3  — 2x3)  dx  + (2 ya  + 3 x'y1  — x)  dy  = 0,  y a 
function  of  xs  + y. 

(6)  (ad+ady + 2 acy  — y*-ys)  dx + (y2+  xy*+  2 acy—od—x3)  dy= 0, 
y a function  of  the  product  (1  + x)  (1  +y). 

(7)  (3y2  — x)  dx+  (2y3  — Gxy)  dy  — 0,  y a function  of 


5.  The  equation  y (ad  + y2)  dx  + x [xdy  — ydx)  = 0 has  an 
integrating  factor  of  the  form  e*  $ (ad  + y2) . Determine  it,  and, 
from  the  comparison  of  the  result  with  that  of  (1)  Ex.  4, 
deduce  the  complete  primitive. 


6.  The  linear  equation  <~  + Py  = Q having  an  integrating 


factor  of  the  form  e/Pdz,  deduce  a corresponding  expression 
for  an  integrating  factor  of  the  equation 


7.  Prove  that  the  equation 

dy  2 _ dP 
• dx dx 


+ P°, 
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where  P is  any  function  of  x,  has  an  integrating  factor  of  the 

--if I'd* 


form 


(; y-P r 


. Lacroix,  Tom.  n.  p.  278. 


8.  Deduce  a similar  expression  for  an  integrating  factor 
of  the  equation  ^ + y*+^  + P*  = 0.  Ib. 

9.  Investigate  the  conditions  under  which  the  equation 

%L  + i=0 

dx  + y 

where  P and  Q are  functions  of  x,  can  be  made  integrable 


by  a factor  of  the  form 
of  f{x). 


y 


t y +/(*)]' 


: , and  determine  the  form 
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CHAPTER  VI. 

OF  SOME  REMARKABLE  EQUATIONS  OF  THE  FIRST  ORDER 
AND  DEGREE. 

1.  There  are  certain  differential  equations  of  the  first 
order  and  degree,  to  which,  in  addition  to  their  intrinsic  claims 
upon  our  notice,  some  degree  of  historical  interest  belongs. 
Among  such,  a prominent  place  is  due  to  two  equations 
whic^i,  having  been  first  discussed  by  the  Italian  mathema- 
tician Riccati  and  by  Euler  respectively,  have  from  this 
circumstance  derived  their  names.  To  these  equations,  and  to 
some  other  allied  forms,  the  present  chapter  will  be  devoted. 

Riccati’s  equation  is  usually  expressed  in  the  form 

^ + bu*  = cxm (1). 

But  as  both  it  and  some  other  equations  closely  related  to 
it  and  possessing  a distinct  interest,  may,  either  immediately 
or  after  a slight  reduction,  be  referred  to  the  more  general 
equation 

X<dL~ay  + hf  = cx" (2)> 

the  discussion  of  which  happens  to  be  much  more  easy  than 
that  of  the  special  equations  which  are  included  under  it,  we 
shall  consider  this  equation  first. 

To  reduce  Riccati’s  equation  under  the  general  form  (2), 

it  suffices  to  assume  u = - . We  find,  as  the  result  of  this 

x 

substitution  in  (1), 

^~H  + V = <»"** (3), 

which  is  seen  to  be  a particular  case  of  (2). 
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Of  the  equation  x -j~  — ay  + If  = ex'. 


2.  The  discussion  upon  which  we  are  entering  may  be 
divided  into  two  parts.  First,  we  shall  shew  that  the  equa- 
tion is  solvable  when  n = 2a.  Secondly,  we  shall  establish 
a series  of  transformations  by  which  a corresponding  series  of 
other  cases  may  be  reduced  to  the  above. 


3.  First, 
when  n = 2a. 


dy 

The  equation  x — ay  + bf  — cx * is  solvable 


For,  assuming  y = xnv,  we  find  on  substitution 

„o+l  dv  7 2n  2 « 

X + OX  V = cx  , 

whence,  dividing  by  x1",  we  have 

x'-'^  + bv'^cx™. 
ax 


Now  if  n = 2 a the  above  becomes 


whence 


x1”*  ^ + hvl  = c, 


dv  dx 


c - bv‘  x'~”  ’ 


an  equation  in  which  the  variables  are  separated.  If  we 
restore  to  v its  value  ^ and  transpose,  this  becomes 


x 


xady  — ayx^'dx  , 

' y-if  +*'**-0- 


•(4). 


an  exact  differential  equation. 
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4.  Secondly.  The  solution  of  the  equation 
X'dx~ay  + ^ = Ca?n’ 

is  always  reducible  by  transformation  to  the  preceding  case 

, n + 2a  ..  . , 

whenever  — — — = t,  a positive  integer. 

xn  . 

For  let  y = A + — , yx  being  a new  variable  which  is  to 
V\ 

replace  y,  and  A a constant  whose  value  is  yet  to  be  deter- 
mined. On  substitution  and  arrangement  of  the  terms  we 
have 

- aA  + bA*  + (n  - a + 2 bA)  - + b ^ ^ & = cx\..( 5). 

y i y*  Vx  dx  w 


Now  let  — a A + bA1  = 0,  then  A = ? or  0.  These  values 

b 

of  A we  shall  employ  in  succession. 

5.  First.  If  we  assume  A = ~ the  above  equation  becomes 
, %*"  xn+1  dyx 

Vx  Vx  Vx  dx 


X 


y * 

Multiplying  this  equation  by  and  transposing,  we  have 

(«). 


X%~(a  + n)yx+  cVx  = hx"- 


Now  this  equation  is  of  the  sam e form  as  the  given  equation 
between  y and  x.  The  coefficients  however  differ,  in  that  b 
and  c have  changed  their  places,  and  a has  become  a + n . 
And  this  transformation  has  been  effected  by  the  assumption 


a xn 
y = r-\ 

J *>  Vx 
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Hence,  if  in  the  transformed  equation  (6)  we  make  a second 
assumption 

a 4-  n x” 

Vx~  c + ¥t ’ 

we  shall  have  as  the  result 


« ^ + 2»)  + %22  = cxs (7), 

b and  c again  changing  places,  and  a + n becoming  a + 2 n. 
And  the  result  of  i successive  transformations  of  the  same 
series  will  be  to  reduce  the  given  equation  either  to  the 
form 

x^~(a  + in)  yt  + cy?  = bxn (8), 

or  to  the  form 

X dx~  (a  + + ^ ^ (9)> 


according  as  the  integer  i is  odd  or  even. 

Now  by  what  has  been  established  in  Art.  3 the  above 
equations  will  be  integrable  if  we  have 

n = 2 (a  + in). 


an  equation  which  gives 


n — 2a 
2 n 


= i. 


.(10). 


6.  Secondly,  If  we  assign  to  A its  second  value  0,  (5) 
becomes 

, , af  , , a:4"  .-rn+1  dyt 

(n-a) — I -b—i — ^~  = cx  . 

Vi  y.  y»  dx 


• • y 2 

Or,  multiplying  by  ^ and  transposing, 


x 


a)  Vv  + cVi  = bx" 


(11). 
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Now  this  equation  for  yl  differs  from  the  equation  (6)  obtained 
for  y,  in  the  previous  series  of  transformations  only  in  that  a 
in  the  coefficient  of  the  second  term  has  become  —a.  With 
this  change  only  then  that  series  of  transformations  may  be 
adopted  in  the  present  instance.  The  change  of  a into  — a 
in  the  final  condition  (10)  gives 

n + 2a 
— ^ — = * 


as  a new  condition  under  which  the  equation  in  y is  solvable. 
If  i — 1 this  gives  n = 2 a,  the  condition  first  arrived  at,  and 
upon  which  the  subsequent  researches  were  based. 


Collecting  these  results  together  we  see  that  the  equation 
x -J-  — ay  + by1  = cxn  is  integrable  whenever  !!=_??  a p0Sitive 

CLJu  £>ti 

integer. 


7.  Let  us  now  examine  the  form  in  which  the  solution  is 
presented. 


If 


n—  2a 
2 n 


= i,  which  is  the  condition  arrived  at  in  Art.  (5), 


we  have  the  series  of  transformations 

a xn 

y~T>+¥>’ 

a + n xn 
3/1  ~ c +yt' 


and  finally 


a + 2n  xH 

y-=~ir+¥.' 


a + (i—  1)  n xn 

VU'-  * +J<' 


where  k = b or  c,  according  as  i is  odd  or  even ; and  the  effect 
of  these  transformations  is  to  reduce  the  given  equation  to  one 
or  the  other  of  the  forms  (8)  and  (9). 
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If  in  the  above  expression  for  y we  substitute  for  yt  its 
value  in  terms  of  yt , in  that  result  again,  for  yt  its  value  in 
terms  of  ya , and  so  on,  we  find 


a x* 

y b^  a + n xn 
c + a + 2ra 

~~b~~ 


(A), 


the  last  denominator  being  a + — 

h Vi 


The  value  of 


yi  must  then  be  determined  by  the  solution  of  (8)  or  of  (9), 
these  equations  being  now  susceptible  of  expression  as  exact 
differential  equations  in  the  forms 


xa+lndy{  — (a  + in)y(af+ln~1dx 
cy i1  — bxn 

xa*indyl  — ( a + in)  yixa+in~'dx 

byf^cif 


+ xa+in-1dx  = 0 (B), 


+ xaHn-'dx  = 0 (C). 


When  therefore  n { a positive  integer , the  solution  of  the 

equation  x<^~  — ay  + by'  = ex"  will  be  expressed  in  the  form  of 


a continued  fraction  by  (A),  the  value  of  yt  in  the  last  denomi- 
nator being  given  by  the  solution  of  the  exact  differential 
equation  (B)  or  (C)  according  as  i is  odd  or  even. 


Secondly,  if  n ^ = i,  which  is  the  condition  arrived  at  in 

L71 

Art.  6,  we  have  the  series  of  transformations 


* 


n — a 


x* 
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'in  — a 


_(*-l)n-o  , xn 

y*~  i r 1 — 

* Vi 


(12), 


where  7c  — 7>  or  c,  according  as  i is  odd  or  even.  From  these, 
eliminating,  as  before,  the  intermediate  variables  v v . v 
we  find 


a7* 


** 

2n  — a 


6 


xn 

3 ra  — a 
c 


(D), 


the  last  denominator  being  ^ ^ — - + — . In  this  case 

k yt  ’ 

however,  the  equation  for  yi  formed  by  changing  a into  — a 
in  B and  C will  be 


or 


xtH~*dyt  — (in  — a)  yix*,nar'ldx 
cy?  — bxn 

x,n~a  dy(  — (in  — a)  ylxtn~a~l  dx 
by?  — cxn 


\-x'n~a-ldx  = Q 


+ xtn~a-1dx  = 0 


as  t is  odd  or  even. 


(E) , 

(F) , 


When  therefore  — — i a positive  integer , the  solution  of 
dy 

x^,~ay  + oy  = cx*  is  expressed  by  (D),  the  value  of  y{  in  the 

last  denominator  being  given  by  the  exact  differential  equation 
(E)  or  (F)  according  as  i is  odd  or  even. 


Ex. 


Given  x^—y+yi  = x*. 


B.  D.  E. 


7 
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tt  o _ i n + 2a  _ , n — 2a  , 

Here  n = \,  a=  1,  and  as  — - — = 2 while  — — = — I , 

a 2 n 2 n 

the  formulae  (D)  and  (F)  must  he  employed.  Assuming 

therein  a = 1,  i = 1,  c = 1,  ra  = $,  t = 2,  we  have 


y 


x 


.i 


3 afty. 


(13), 


7/a  being  given  by  the  exact  differential  equation 


-<<fe=0 

y .■ 

from  which  we  find 


yf-x* 


(14), 


*'<1ia)+te*-c (15)- 


The  elimination  of  between  (13)  and  (15)  gives 


log  + 

3ya:*  + 3x*  +y 

which  is  the  complete  primitive. 


.(16), 


Ex.  2.  Given  ^ + u*  = x K 
ax 


This  is  an  example  of  Riccati’s  equation.  Assuming  there- 
fore u — ~,  we  find  x ^ — y + y%  — x%,  which  is  identical  with 

the  equation  last  considered.  Substituting  therefore  in  (18) 
ux  for  y,  we  find  after  reduction 


, 3 ux%  — 3 — ux ^ „ i ~ 

log  i — i — r r + = C. 


dux^  + 3 + ux^ 


■(17), 
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General  Observations. 

8.  The  connexion  between  the  two  conditions  for  thfe 
solution  of  the  equations  x~^  — ay  + by2  = cxn , implied  by  the 

7Z  4*  2 CL 

double  sign  in  the  equation  — = — = t,  may  otherwise  be 

Z‘Yt 

established  as  follows. 

If  the  differential  equation  be  written  in  the  form 

<18>’ 

it  becomes  evident  that  it  is  symmetrical  with  respect  to 
y and  y — ^ . Assume  then  y — ^ as  a new  variable  in  place 

of  y,  and  writing  y — | = y,  y = y'  + ^ , the  equation  becomes 

x%+h{y'+t)y,=cx' <19)’ 

da 

or  x + ay ’ + by"1  = cxn (20), 


an  equation  which  differs  from  the  given  equation  only  in  that 
y has  become  y',  and  a has  changed  its  sign.  Hence  the 

conditions  n = -■■.  ^a-  and  n — ■■  - are  mutually  dependent, 

2t—  1 2t  — 1 

and  the  value  of  y having  been  obtained  for  the  former  case, 
its  value  in  the  latter  will  be  found  by  changing  therein  a 


into  — a , and  finally  adding 


a 

V 


It  is  here  also  to  be  noted  that  instead  of  beginning  with 

• • • 
an  assumption  of  the  form  y = A-\ — as  in  Art.  4,  we  might 

Hi 

have  commenced  our  reductions  by  the  assumption  y = » 

the  former  of  the  above  being  propei;  for  increasing  by  n,  the 

7—2 
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latter  for  diminishing  by  n the  quantity  a.  And  as  the  first 
led  directly  to  the  solution  (A),  so  would  the  second  have  led 
directly  to  the  solution  (D). 

Lastly,  it  may  be  remarked  that  each  of  the  above  assump- 
tions is  only  the  inverse  of  the  other.  To  increase  the  value 
of  a by  n we  had  to  employ  the  assumption 


which  gives 


Vi-i  = A + 


■xn 

Vi’ 


xn 

Vi~- A+y M’ 


and  this  indicates  the  form  of  the  assumption  for  the  case  in 
which  a is  to  be  diminished.  Hence  also  by  admitting  nega- 
tive as  well  as  positive  values  of  i,  the  two  forms  of  solution 
might  be  replaced  by  a single  one. 


9.  We  have  seen  in  Art.  1 that  Riccati’s  equation 


du 

dx 


+ bid  = cxm 


is  reduced  by  the  assumption  u = ^ to  the  form 

x%~y+hf=cxm”- 


Hence  the  condition  for  the  solution  of  Riccati’s  equation, 
found  by  substituting  in  the  final  theorem  of  Art.  6,  1 for  a 
and  m + 2 for  n,  will  be 

m + 2 + 2 
2 m + 4 *’ 

whence 

w=~2±27=T <21>' 

t being  a positive  integer. 
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We  may  give  to  the  expression  for  m another  form,  viz. 

_4  { ... 

m = — ; — - , i admitting  of  the  value  0 together  with  positive 

2i  1 

integral  values.  In  order  to  prove  this,  let  it  he  observed 
that  two  values  of  m included  in  (21)  are 


m = 


-4  i 
2 i-  1 


and  m — 


— 4 (t  — 1) 

2 i-  1 * 


If  in  the  second  of  these  values  we  change  i — 1 into  i,  and 
therefore  i into  i+  1,  a change  which  merely  involves  that 
we  interpret  i as  admitting  of  the  value  0 as  well  as  of  posi- 
tive integral  values,  we  find 


m — 


— 4t 
2 1+  1 


(22). 


When  i = 0 this  gives  m = 0,  and  as  this  value  also  results 
from  the  first  of  the  expressions  for  m on  making  i = 0,  we  are 
permitted  in  that  formula  also  to  regard  i as  admitting  of  the 
same  range  of  values.  Hence,  combining  the  two  formula;  in 
a single  expression,  we  have 


m = 


— 

~ii  ± 1 


(23), 


i being  0,  or  a positive  integer. 


10.  Riccati’s  equation  may  also  be  reduced,  and  it  usually 
has  been  reduced,  by  a series  of  double  transformations,  of 
which  the  following  will  serve  as  an  example. 


The  equation  being  + lid  = ex" 
We  have 


let  u = 7 — (- 
bx 


u?ux' 


du  _ 1 2 1 duI 

dx  bad  adu  * dx  ’ 


hd= 


J_  JL  h 

bad  ^ aduy  aduy  ’ 
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Substituting  these  values  in  the  given  equation,  we  have 

b 1 dux  _ „ 

x*u*  dx  °X 


Whence, 


a?^L'+cxm+*u*-b  = 0. 
dx  1 


In  this  equation  assume  x = zm+a,  then 

du,  du,  dz  , ^ du, 

&“*<fe  = (”,+3)s  S’ 

whence,  after  substitution  and  reduction, 


du 


c ~ 
- H — - «,* 


b ~ 


cfo  m + 3 1 m + 3 


(24), 


an  equation  differing  from  the  given  equation,  as  to  its  coeffi- 

cients  and  indices,  in  that  b has  been  converted  into , c 

’ m -+-  3 ’ 

mb  • 7 71  “4“  4:  • • • m 

into , and  m into ; but  which  is  still  of  Riccati’s 

m + 3 m + 3 

form.  The  transformation,  it  will  be  observed,  is  a double 
one,  as  it  affects  the  independent  as  well  as  the  dependent 
variable. 

_ 4 { 

Now  if  m be  of  the  form  — - , we  find  on  substitution 

2t  — 1 

and  reduction 

m + 4 _ — 4 (i  — 1 ) 
m + 3 2 (*—  1)  — 1 ' 


Hence,  a second  double  transformation  of  the  same  nature  as  the 
last  will  reduce  the  differential  equation  to  a form  in  which  the 

index  in  the  second  member  will  become  — - f/*  . . And 

2 (t  — 2)  — 1 

thus  after  a series  of  t transformations  the  index  is  reduced 
to  0,  and  the  equation  becomes  solvable  by  separation  of  the 
variables. 
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To  establish  another  condition  of  solution,  assume  in  the 
1 — 

given  equation  « = - , x~  2m+\  then,  after  substitution  and 
reduction,  we  have 


dy  | c 


b 

V nAI 


c?z  m+l^  m + 1' 
which,  by  what  has  preceded,  will  be  solvable  if  we  have 

m 4 i 


m + 1 
whence,  m = — 


2i—  1 
4* 


2i  + 1 


Combmmg  these  results  it  appears  that  Riccati  s equation  is 

— 4i 

integrable  if  m = . — , * being  0 or  a positive  integer.  This 

jT  1 

agrees  with  (23). 

It  is  manifest  from  the  complexity  both  of  the  transforma- 
tions above  described  and  of  the  results  to  which  they  lead, 
that  Riccati’s  equation  is,  in  its  actual  form,  far  less  adapted 
for  such  transformations  than  the  equation 

x<^c~ay  + byi  = cxn, 

to  which  it  is  so  easily  reduced. 

11.  Riccati’s  equation  becomes  linear  on  assuming 

1 dw 


u — 


bw  dx 


The  transformed  equation  is 

— bcxmw  — 0 (25). 

We  shall  consider  it  under  this  form  in  a subsequent  chapter. 
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To  Biccati’s  equation  some  others  of  greater  generality  may 
be  reduced  by  a change  of  variables,  e.  g.  the  equation 

^ + bxmu*=cxn i (26), 

by  assuming  £cra+1  = t. 


Euler  s Equation. 

It  has  already  appeared  that  the  solution  of  a differen- 
tial equation  may  sometimes  be  freed  from  transcendents 
introduced  by  integration.  An  example  of  this  has  been 
afforded  in  the  instance  of  the  equation 

d*  i dy  a 

V(1-*V  V(W)  ’ 

(Chap,  ii.),  the  solution  of  which  is  capable  of  being  exhibited 
in  an  algebraic  form,  although  immediate  integration  intro- 
duces the  transcendental  functions  sin-1  a:,  sin-1y.  The  inquiry 
is  here  suggested  whether  in  any  other  cases  the  direct  inte- 
gration may  be  evaded,  an  inquiry  the  more  important  as  our 
means  of  integration  are  so  limited.  Euler  succeeded  in 
obtaining  without  direct  integration  the  solution  of  the 
equation 

dx r , dy = 0 

^(a+bx  + cx2  + ex3+fx*)  \/  (a  + by  + cy2  + eif  +fyA)  ’ 

and  of  some  related  forms.  The  result  belongs  to  the  theory 
of  the  elliptic  functions,  and  may  be  established  independently 
by  the  methods  which  more  peculiarly  pertain  to  that  theory. 
But  the  method  by  which  Euler  arrived  at  that  result  demands 
notice  here. 


12.  To  integrate  the  equation 

dx  dy  _ . 

V (« + + cod + ex*  +fx*)  \/{a+by+cyi+ey3+jy*)  ' '* 

Bepresenting  the  polynomials  a+bx  + csd  + ex3  +fx\  and 
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a + by  + cy*  4-  ey3  +Jy*  by  X and  Y respectively,  we  have  to 
integrate 


dx  , dy  _A 

V(X)  + V(F)“U 


(2). 


The  ordinary  solution  of  this  equation  in  the  sense  of  Art.  5, 
Chap.  i.  would  be 

f dx  , f dy  r 

JV(X)+J  V(Y)-°’ 


but  it  is  our  present  object  to  obtain  an  algebraical  relation 
between  x and  y without  performing  the  integrations  above 
implied. 


Let 


/ 


dx 

vlD 


= t,  then 


dy  _ 


dt 


V(F). 


.(3). 


Also  let  x-Yy  —p,  x — y = q.  We  shall  endeavour  to  form  a 
differential  equation  in  which  p and  q are  dependent  variables, 
and  t the  independent  variable. 

From  (3)  we  have 


|=VW-v(r) 


W. 


§=VW+V(r) 


(5); 


. dp  dq_Y  y 
’ ' dt  dt  ~ 

= bq+cpq+\eq  (3/+  q*)  + \fpq  (p*  + js) . . . (6) , 
since  the  transformations  x + y =p,  x—y=q  give 
ar1  - y3  = pq, 

a?-y*={x-y)  {a?  + xy  + y3)  = q (^P  * , 
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I 


(x1  + f)  =pq  ^ • 

Again,  from  (3)  we  have 

d'x  dj{X)  dx  d V(X)  1 dX 

df  dt  dt  dx  2 dx  ’ 

d?y  1 dY 

de  - 2 dy; 

whence  by  addition 

< Fp  = \(dX  dY\ 

dil  2 + dy) 

= b + cp  + |«  (Z  + 23)  + \fP  (?*  + 3S*) (7)> 


on  effecting  the  differentiations  and  transforming  as  before 
from  x and  y to  p and  q. 

Multiplying  (7)  by  q,  and  from  the  result  subtracting  (6), 
we  have 


<?p_dp  dq_e£  , , 
q de  dt  dt~  2 +Jpq 


= |-(e  + 2 fp). 


Therefore 


q*  de  <f  dt  dt"  + JP' 

dp 


Now  multiplying  both  sides  by  ^ 


2 dptfp  2 

»• 

from  which,  each  member  being  an  exact  differential,  we 
have  on  integration 

?(£)'  =*?+/p’+c' 

C being  an  arbitrary  constant. 
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Hence  ^ = +j^*). 

Therefore  by  (4) 

V(X)-V(lr)  = {x-y)  *J{C + e {x  + y)  +f(x  + yY\...(  9), 
the  integral  required. 

The  student  may  apply  the  same  series  of  transformation 
and  reduction  to  the  equation 

dx  dy 

»J(a  + bx  + cx‘+ea?+fx*)  *J(a  + by  + cy1  + ey3+  fy*) 

= 0 (10). 

The  resulting  integral  will  be 
VW  + •J(Y)  = (x-y)  \f{C+e(x  + y)  +f{x  + y)*}...(  11). 

13.  It  will  probably  appear  that  there  is  something  arbi- 
trary in  the  mode  in  whicn,  in  the  above  investigation,  the 
final  differential  equation  (8)  between  p,  q,  and  t,  upon  which 
the  solution  of  the  problem  depends,  is  formed.  The  analysis 
which  is  subjoined  may  throw  some  light  upon  its  real  nature, 
and  shew  of  what  general  theorem  that  equation  constitutes 
an  expression. 

Prop.  Whatever  may  be  the  form  of  the  function  f(x), 
the  following  theorem  of  development  holds  good,  viz. 

f(y)  -/(*)  - A {/'  (y)  +/(•)}  (y - *) 

+ A{f"\y)  +/»}  (y-*)# 

+ A {/T  (y)  +fv  (*)}  (y  - xY + &c. ...  (12), 

wherein  At,  A3,  As,  &c.  are  the  coefficients  of  the  successive 

6*  — 1 

powers  of  x,  in  the  development  of  the  function  — — - in  a 
series  of  the  form 

Axx  + Asa?  + A3x*  + &c. 
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For  let  y = x + h,  then,  employing  a well-known  symbolical 
form  of  Taylor’s  theorem, 

f(y)  -/(*)  =/(*  + h)  -/(*) 

e*5*  — 1 a— 

-71— *(«*+!)/(*) 

e “*  + 1 

« 13^  {/(»  + *)  +/(*)} 

€ **+1 


= U*  ^ + **  (&)’ + M f/<* + *>  +/wr 

(13), 

where  At,  As,  &c.  have  the  series  of  values  above  described. 
Hence,  performing  the  differentiations  and  replacing  x + k 
by  y,  and  h by  y — x,  we  have 

Ay)  -/(*)  - A lf'(y)  +/(*)}  (y  - *) 


+4lf"(y)  +/"'(*)}  (y-*)8+&c....  (u), 

which  is  the  proposition  in  question. 

The  values  of  Alf  Aa,  As,  dec.  may  be  expressed  by  means 
of  Bernoulli’s  numbers,  but  they  may  also  be  calculated  very 

e*—  i 

simply  by  developing  the  exponentials  in  the  fraction  ^ , 

and  then  expanding  the  fraction  itself  by  division.  We 
readily  find 

-17 

, A = 

240  1 


A _ i A _ i_  A _JL 

2 ’ 24  ’ ’ 


At  = 


40320  ’ 


&c. 


When /(a;)  is  a polynomial  of  the  fourth  degree,  we  have 


/v(x)=0,  /vi(x)=0,  &c., 
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and  the  theorem  is  reduced  to  the  following,  viz. : 

/(»)  -/(*)  = 5 ( f(y)  +/'W1  (y  - x) 

- ^ tf "M  +/"’(*))  (y  - *)*■ (is). 

Now  the  differential  equation  (8)  into  whose  origin  we  are 
inquiring  is  merely  a transformation  of  the  last  theorem. 
We  will  on  this  occasion,  and  for  the  sake  of  variety,  ex- 
emplify the  above  remark  in  the  solution  of  the  differential 
equation 

**  dV  nn 

V(/(*))  V(/(y)f ( 

in  which 

f(x)  = a + bx  + cx*  + ex3  +fx 1 (17), 

f(y)  = a + by  + cy1  + ey*  +Jy* (18). 

Representing  either  member  of  (16)  by  dt  and  assuming  t as 
an  independent  variable,  substitute  the  values  hence  deter- 
mined for  f[x),  f(x),  f"'(x),  &c.  in  the  theorem  (15).  There 
will  result 

TB-nfWk  | 

Hence  /(*)  = (§)  . /M  - (f ) . 

. d /dx\*  _dt  d /dx \s 
f * dx\dt)  dx  dt  \dt) 

_ djx 

~ dt’ 

Lastly  from  (17)  and  (18) 

f"  (x)  = 2ijx  + 6e, 

/'"(y)  = 24fy  + 6e, 


Digitized  by  Google 


110  EXERCISES, 

by  which  substitution,  (15)  becomes 

(§)'-  (s)'=  @+S)  <»-)•• 

Or,  transposing 

(^,-(S)+^)(S+T»-(^+|)(r^...(i.). 

Now  the  very  j/hrm  of  this  equation  suggests  the  transforma- 
tion x+y  =p,  x — y = q,  by  which  it  becomes 

2 

whence  multiplying  by  djp  and  integrating 

(*)  +f=ff+9+C-, 

...  rm±M]v(* +</)■+«  (x + j) + a..(2o), 

the  integral  sought. 


1. 


2. 

3. 

4. 


EXERCISES. 


®ii"oy+3'*=ar*a* 


x-£c~ay+f=x' 


du  , a -r 
-j-  + tt*  = CSC  s . 

ax 


du 

dx 


+ = ex-4. 
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Ill 


5.  — ms  = 2x  s dx. 
ax 

6.  Assuming  the  conditions  for  the  solution  of  Riccati’s 
equation,  Art.  9,  investigate  those  under  which  the  equation 

■—  + 6 xmv?  = cxn  is  integrable. 


7.  Assuming  the  conditions,  Art.  6,  under  which 
« ^ — ay  + = ca:n 

is  integrable  in  finite  terms,  investigate  those  under  which  the 
equation 

x%i+«+&+w'=fon. 


is  integrable  in  finite  terms. 

8.  Transforming  the  equation  x<^x~  ay  + %s  = cx2*,  by 

assuming  xa  = t,  an  integrating  factor  may  be  found  by  Art.  6, 
Chap.  v. 

9.  The  equation  ^ + bid  = cxm  + ^ , more  general  than 
Riccati’s,  is  reducible  to  the  form  x ^ — ay  + b'y*  = c'xn,  con- 
sidered in  Art.  3,  by  an  assumption  of  the  form  u = ~ ^ . 

x 


10.  Hence  investigate  the  conditions  under  which  the 
former  equation  may  be  solved. 


11.  The  same  equation  may  be  reduced  to  Riccati’s  form 
by  an  assumption  of  the  form  y — Ax~l  + z<f>  ( x ),  followed  by 
a transformation  affecting  only  x. 

12.  Integrate  the  equation 

dx dy  _ 

*J(a  + bx-\-  ex?  + ex 3 +fx*)  V (a  + by  + cy2  + ey*  +fy*)  ’ 

by  the  application  of  the  theorem  of  Art.  13. 
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13.  Deduce  from  that  theorem  the  following  expression  for 
the  value  of  a definite  integral,  viz.: 

(y-*)-*"  (a)2+/'  <*>  &-*)» 


4>iv  (a)  4-  <friv  (b) 
240 


(y  — x)B  — &c. 
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CHAPTER  VII. 

ON  DIFFERENTIAL  EQUATIONS  OF  THE  FIRST  ORDER,  BUT 
NOT  OF  THE  FIRST  DEGREE. 


1.  Referring  to  the  general  type  of  differential  equations 
of  the  first  order,  viz. : 


'(x, 


= o, 


dv  • 


we  have  now  to  consider  those  cases  in  which  -p-  is  so  in- 

ax 

volved  that  the  given  equation  cannot  be  reduced  to  the  form 


M+N^^  0, 

ax 

already  considered. 

Freed  from  radicals  the  supposed  equation  will,  however, 
present  itself  in  the  form 


• • + P„  = 0 


(1), 


where  Pv  P2, ...  Pn  are  functions  of  x and  y. 


An  obvious  preparation  for  the  solution  of  such  an  equation, 
is  to  resolve  its  first  member,  considered  as  algebraic  with 

(iy 

respect  to  the  differential  coefficient  — , into  its  component 


factors  of  the  first  degree.  If  Pn  pt---pn  be  the  roots  of  (1) 
thus  considered,  we  shall  have 


B.  D.  E. 


(2), 

8 
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P\'Pt"-V*  ^eing  supposed  to  be  determined  as  known  func- 
tions of  x and  y.  And  it  is  now  manifest  that  any  relation 
between  x and  y which  makes  either  one  or  more  than  one  of 
the  factors  of  the  first  member  to  vanish,  will  be  a solution  of 
the  equation,  and  that  no  relation  between  x and  y not  pos- 
sessing this  character  will  be  such.  Hence  if  we  solve  the 
separate  equations 

~Pi=0>  dx~^1=z°”'^~:pn  = 0 

any  one  of  the  solutions  obtained  will  be  a solution  of  (2), 
since  it  will  make  one  of  its  factors  to  vanish.  And  if  we  ex- 
press the  different  solutions  thus  obtained,  each  with  its  arbi- 
trary constant  annexed,  in  the  forms 

V-Cx= 0,  r8-c,=o...  r„-a=o, 

any  product  of  two  or  more  of  these  equations  will  also  be  a 
solution  of  (2),  since  it  will  cause  two  or  more  of  its  factors  to 
vanish. 

Ex.  Given  the  differential  equation 


Here  the  component  equations  are 

~ay  = 0, 

+ ay  = 0, 

and  their  respective  solutions  are 

log  y — ax  — c,  = 0 

log  V + ax  — c„  = 0 (6). 

Either  of  these  equations  is  a solution  of  the  given  equation, 
and  so  is  their  product 

(log  y-ax-c ,)  (log  y + ax  - cs)  » 0 (7). 


dy 

dx 

dy 

dx 


dy 

dx 
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2.  And  here  two  important  questions  are  suggested.  First, 
how  is  it  that  two  arbitrary  constants  present  themselves  in 
the  solution  of  an  equation  of  the  first  order  ? Secondly,  is  it 
possible  to  express  with  equal  generality  the  solution  of  the 
equation  by  a primitive  containing  a single  arbitrary  constant 
in  accordance  with  what  has  been  said  of  the  genesis  of  dif- 
ferential equations  of  the  first  order,  Chap.  I.  Art.  6 ? These 
are  connected  questions,  and  they  will  be  answered  together. 

The  equation  (7)  implies  that  y admits  of  two  values  each 
involving  an  arbitrary  constant,  but  it  does  not  imply  that  y 
admits  of  a value  involving  two  arbitrary  constants.  The 
component  factors  of  the  solution  separately  equated  to  0,  as 
in  (5)  and  (6),  give  respectively 

j,  = 0,6“,  y=C, (8), 

each  of  which  involves  one  arbitrary  constant  only,  and  each 
of  which  corresponds  to  a single  factor  of  the  given  differential 
equation.  The  true  canon  is,  not  that  a general  solution  of 
an  equation  of  the  first  order  can  involve  only  one  arbitrary 
constant  in  its  expression,  but  that  each  value  of  y which 
such  a solution  establishes  involves  in  its  expression  only  a 
single  arbitrary  constant. 

At  the  same  time  it  remains  true  that  every  differential 
equation  of  the  first  order  implies  the  existence  of  a primitive 
involving  a single  arbitrary  constant, — it  remains  true  that 
such  primitive  constitutes  a general  solution  of  the  differential 
equation.  To  reconcile  these  seeming  anomalies  we  shall 
shew  that  if  we  suppose  the  arbitrary  constants  c1  and  cs  in 
(7)  identical,  and  accordingly  replace  each  of  them  by  c,  we 
shall  have  an  equation  which  will  be,  first  the  true  primitive 
of  (4),  in  that  it  will  generate  that  equation  by  differentiation 
and  the  elimination  of  c,  secondly  its  general  solution,  in  that 
no  particular  relation  is  deducible  from  the  solution  (7)  in- 
volving two  arbitrary  constants  which  may  not  also  be  de- 
duced from  it. 

Thus  replacing  c,  and  cs  by  c,  we  have 

(logy  — ax  — c)  (logy  -\-ax—c)=  0 (9), 

* 

whence  (log  y)2  — aV  — 2c  log  y + c*  = 0. 

8—2 
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Differentiating,  and  representing  — by  p, 

2 log  y - — 2atx  — 2c  - = 0, 

y y 

, a'xy  , 

whence  c = + log  y. 

Substituting  this  value  in  (9),  we  have 


which  reduces  to 


oV  (a*  if  —p1)  = 0. 


Or,  rejecting  the  factor  a*#*  which  does  not  contain  p,  and 


replacing  p by  ^ 


-ay  = 0, 


the  differential  equation  given.  Thus  (9)  is  its  complete 
primitive. 

Let  it  be  remarked  that  if  we  eliminated  the  constant  cl 
from  (5)  or  c2  from  (6)  we  should,  as  is  evident  from  the 
origin  of  these  equations,  obtain  not  the  given  differential 
equation  but  only  one  of  the  component  differential  equations 
into  which  it  is  resolvable. 

Again,  the  solution  (9)  is  general.  The  two  relations 
between  y and  x which  it  furnishes  are 

y=Ce“,  y=Ce-° * (10), 

and  these  differ  in  expression  from  (8)  only  in  that  the  arbi- 
trary constant  is  here  supposed  to  be  the  same  in  one  as  in 
the  other,  but  as  it  is  arbitrary  and  adnuts  of  any  value,  there 
is  no  single  relation  implied  in  (8)  which  is  not  also  implied 
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in  (10).  And  it  is  in  this  sense  that  the  generality  of  the 
solution  has  been  affirmed. 


3.  These  illustrations  will  prepare  the  way  for  the  de- 
monstration of  the  general  theorem  which  they  exemplify. 

Theorem.  If  the  differential  equation  of  the  first  order  and 
nih  degree  he  resolved  into  its  component  equations 


g-P,=o, 


and  if  the  complete  primitives  of  these  equations  are  Vx  = ct, 
Vi  = cs,...Vn  = cn,  then  the  complete  primitive  of  the  given  equa- 
tion will  be 


(Fl-c)(Fs-c)...(F,,-C)  = 0. 


Let  us  first  examine  the  case  in  which  the  proposed  diffe- 
rential equation  is  of  the  second  degree,  and  therefore  express- 
ible in  the  form  Pi)  (ffc~Paj  = Suppose  that  the 

integral  V1  = c1  is  derived  from  the  equation  ^ —px  = 0 by 


dy 


means  of  an  integrating  factor  pt.  Then  dVl  — —p1  J . 

In  like  manner  we  shall  have  dVa  = (^—p^j  ■ Ni 


ow 


taking  the  equation 


(f;-c)(fs-c)  = o 


(ii) 


as  a primitive,  we  have,  on  differentiating  with  respect  to  x 
and  y, 


{Vl-c)dVi  + {Vi-c)dV1  = 0 (12). 


Therefore 

whence 


K- 


c = 


c = 


c = 


VfiV,+  VfiVx 
dVx  + dV% 

(Vt-VJdVt 
dVx  + dVt  ’ 

{Vt-Vx)dVt 
dVx+dVt  • 


> 
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Substituting  these  values  in  (11),  we  have 


W-VfdVJV'-O (13), 

or  (n-n)VA(|-i>,)(|-i>,)-0 (14). 

And  this,  on  rejecting  the  factor  (F,  — V^/i^  which  does 
not  contain  any  differential  coefficients,  becomes  identical  with 
the  given  differential  equation.  Hence  ( F,  — c)  ( V3  — c)  = 0 
is  the  complete  primitive  of  that  equation. 

To  generalize  this  particular  demonstration  it  would  be 
necessary  to  eliminate  c between  the  equation 

(Fi_c)(F,-c)...(Fs-c)  = 0 (15), 

and  the  equation  thence  derived  by  differentiation  with  re- 
spect to  x and  y.  The  ordinary  process  of  elimination,  as 
exemplified  above  in  the  particular  case  in  which  n = 2,  would 
be  complex,  but  the  result  may  be  determined  without  dif- 
ficulty by  logical  considerations.  It  will  suffice  for  this  pur- 
pose to  consider  the  case  in  which  n = 3. 

We  have  then  as  the  supposed  primitive 


(Fi_c)(F,-c)(F3  — c)  = 0 (16), 


and  as  the  derived  equation 


(K~cnr,-c)^+(r,-c)irt-c) 


dJ, 

dc 

dV. 


+ (VI-c)(Vi-c)~^0 (17). 

Now  (16)  implies  that  some  one  at  least  of  the  equations 
Vx  — c = 0,  Fs  — c = 0,  Fs  — c = 0, 

is  satisfied. 
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If  the  first  of  these  equations  is  satisfied  we  have  c = F, , 
and  substituting  this  value  in  (17)  there  results 

(K-K)(K-K)^K  = o (is). 

If  the  second  equation  of  the  above  system  is  satisfied,  we 
have  in  like  manner 

(r,-iQ(vt-rjdvt-  o (19). 

If  the  third  equation  of  the  system  is  satisfied  we  have 

(K-v8)(v,-v3)dv3  = 0 (20). 

Hence  the  existence  of  (16)  as  primitive  supposes  the  exist- 
ence of  some  one  at  least  of  the  equations  (18),  (19),  (20),  and 
therefore  of  the  equation 

. ( K - v9y  ( f8  - vxy  ( fx  - vty  dv,  d ra  dvs = o (21), 

which  is  found  by  multiplying  those  equations  together. 

Conversely  the  supposition  that  the  equation  (21)  is  true, 
involves  the  supposition  that  one  at  least  of  the  equations 
(18),  (19),  (20)  is  true. 

The  equation  (21)  is  therefore  equivalent  to  the  result  which 
ordinary  elimination  applied  to  (16)  and  (17)  would  give. 
The  same  process  of  reasoning  applied  to  the  more  general 
equation  (15)  as  supposed  primitive,  would  lead  to  a result 
of  the  form 


KdVldVi...dVn  = 0 (22), 

K being  the  product  of  the  squares  of  the  differences  of 
V V V 

F j,  r a ...  r n. 

On  comparison  with  (13)  we  see  that  in  the  particular  case 
of  n = 2,  this  is  not  only  equivalent  to  but  identical  with  the 
result  of  ordinary  elimination  in  that  case.  And  this  identity 
of  form,  though  it  is  not  necessary  to  our  present  purpose  to 
establish  it,  might  be  demonstrated  generally. 

dy 
dx 


fc)i 


&c.  Hence 


Now  dV,  = p, 
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(22)  gives 

(| - p)  (%~p)  - (| -P.)  - 0. 


or,  rejecting  the  factor  which  does  not  contain 

differential  coefficients, 


(I -i>.)  (I -a) -(I -,.)  = »• 

Of  this  equation  it  has  therefore  heen  shewn,  as  was  required, 
that  ( V1  — c)  ( V3  — c) ...  ( VH  — c)  = 0 constitutes  the  complete 
primitive. 


Ex.  Given 


(*Y-s-o. 

\ax/  x 


.(1). 


Here  the  component  equations  are 

dy  _ AA*  _ n ^ 

dx  \x)  ’ dx 

and  their  respective  integrals  are 


y-ct-2  »J{ax)  = 0 (2), 

y - c%  + 2 V (ax)  =0 (3). 

Replacing  both  constants  by  c and  multiplying  the  equatio 
together,  we  have 

(y-c)*-4ax  = 0 (4), 

as  the  complete  primitive. 


Now  this  primitive  represents  a series  of  parabolas,  the 
parameters  of  which  are  constant  and  equal  to  4 a,  and  the 
axes  of  which  are  coincident  with  the  axis  of  x;  but  the 
vertices  of  which  are  situated  at  different  points  of  that  axis, 
corresponding  to  the  different  values  which  may  be  given  to 
the  arbitrary  constant  c.  Of  these  parabolas  the  equations 
(2)  and  (3),  which  may  be  written  in  the  more  usual  forms 

y - c,  = 2 V (ax),  y-  ct  = - 2 >J(ax), 
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represent  respectively  the  positive  and  the  negative  branches, 
while  the  equation 

[y  - CI  - 2 V(«*)}  {y  - c,  + 2 V(a*)}  = 0 (5), 

represents  the  terms  which  would  he  found  by  taking  one 
positive  and  one  negative  branch,  but  not  necessarily  from 
the  same  ‘parabola.  Thus  there  is  no  portion  of  the  loci  re- 
presented by  the  apparently  more  general  solution  (5),  which 
is  not  also  represented  by  the  complete  primitive  (4).  Nor 
is  it  a defect  of  generality,  if,  when  every  branch  of  every 
curve  in  the  series  is  represented,  those  branches  which  belong 
to  the  same  curve  are  paired  together. 


4.  There  are  certain  cases  in  which  differential  equations 
of  the  first  order  can  be  solved  without  the  resolution  of  the 
first  member  into  its  component  factors.  Of  these  the  most 
important  are  the  following. 


1st.  When  the  given  equation  contains  only  one  of  the 
variables  x and  y in  addition  to  <~ , being  either  of  the  form 


or  of  the  form 


2ndly.  When,  involving  x and  y only  in  the  first  degree, 
it  is  expressible  in  the  form 

X<P  (p)  + y^  (p)  =X(P)>  where  p = & . 

3rdly.  When  the  equation  is  homogeneous  with  respect 
to  x and  y. 

These  cases  we  shall  consider  separately. 

Equations  involving  only  one  of  the  variables  x and  y 


with 


dy 
dx  * 
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In  this  case  if,  representing  ^ by  p,  and  regarding  p as 


a new  variable,  we  form  a differential  equation  between  p and 
the  variable  which  does  not  enter  into  the  original  equation, 
and  integrate  the  equation  thus  formed,  the  elimination  of  p 
between  the  resulting  integral  and  the  original  equation  will 
give  the  complete  primitive  required.  For  it  will  express 
a relation  between  x,  y,  and  the  arbitrary  constant  introduced 
by  integration. 

Thus  if  from  the  equation  F(x,p ) = 0 we  deduce  x —f{p), 
then,  since  dy  =pdx,  we  have 


dV  =Pf'(P ) dP ; 


y=Spf\p)dp  + c (0- 


After  the  integration  here  implied  y will  be  expressed  as  a 
function  of  p and  c,  and  between  that  result  and  the  original 
equation  p must  be  eliminated. 

In  like  manner,  if  from  F(y,p)  = 0 we  deduce  y =f{p), 
the  equation  dy=pdx  gives  f'(p)  dp=pdx,  whence 

dxJ-Mdp. 

P 

whence 

x = ffM±P+c (2). 

between  which  (after  the  integration  has  been  performed)  and 
the  original  equation,  p must  be  eliminated. 

But  these  methods,  though  always  permissible,  are  only  ad- 
vantageous when  it  is  more  easy  to  solve  the  given  equation, 
with  respect  to  the  variable  x or  y which  it  involves,  than 
with  respect  top. 


Ex.  1.  Given  x = 1 +p%. 

Here  dy  —pdx  —p  x 3 p'dp  — 3 p3dp ; 
3 p* 

y=  4 +c 


(3). 
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Now  as  the  original  equation  gives  p = (x  — 1)^,  the  com- 
plete primitive  found  by  substitution  of  this  value  in  (3) 
will  be 


y = -(x-\)*+c. 


•(4), 


and  it  would  be  directly  obtained  in  this  form  by  integrating 
the  original  equation  reduced  by  algebraic  solution  to  the  form 


dy 

dx 


{x  — 1)^. 


This  example  illustrates  the  process  but  not  its  advantages. 
Ex.  2.  Given  x = 1 +p  +y>5. 

Here  dy  =pdx  =pdp  + 3 p*dp ; 

(5), 


between  which  and  the  original  equation  p must  be  eliminated. 
We  may  do  this  so  as  to  obtain  the  final  equation  between  x 
and  y in  a rational  form ; but,  if  this  object  is  not  deemed  im- 

Eortant,  we  may,  by  the  solution  of  a quadratic,  determine  p 
•om  (5)  and  substitute  its  value  in  the  given  equation. 

Ex.  3.  Given  y =p%  + 2 p*. 

Here  since  pdx  = dy  we  have 

dx—^dy=  2dp  4-  6 pdp ; 

x = 2p  4 3 p*  + c.- 

From  this  equation  we  find 

— 1 i V (3®  4-  C) 

P** 5 > 


C being  an  arbitrary  constant  introduced  in  the  place  of  1 —3c; 
and  y will  be  found  by  substituting  this  value  of  p in  the 
original  equation. 

5.  It  is  worth  while  to  notice  that  processes  virtually 
equivalent  to  the  above,  would  be  suggested  by  the  forms  of 
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the  differential  coefficients  in  the  application  of  the  more 
general  method  of  Art.  1. 

Thus  when  the  equation  x =f(p)  does  not  admit  of  alge- 
braic solution  with  respect  to  j p,  we  can  only  express  the  value 
p by  the  inverse  functional  notation, 

P =/"*  («)> 

Whence  y = jf~l  ( x ) dx. 

To  get  rid  of  the  inverse  functional  sign  in  the  second  mem- 
ber, let  f^x  — t,  then  x=f(t),  dx  —f  (t)  dt,  whence 

y=/Cf  (<)<*• 

Now  this  equation  only  differs  from  (1)  in  that  t takes  the 
place  of  p. 


Equations  in  which  x and  y are  involved  only  in  the  first  degree , 
the  typical  form  being  x<f>  (p)  +y^fr  (p)  = ^ (p). 

6.  Any  equation  of  the  above  class  may  be  reduced  to  a 
linear  differential  equation  between  x and^,  after  the  solution 
of  which,  p must  be  eliminated. 

The  reduced  equation  is  found  by  differentiating  the  given 
equation  and  then  eliminating,  if  necessary,  the  variable  y.  It 
may  happen  that  such  elimination  is  unnecessary,  y disappear- 
ing through  differentiation. 

Ex.  Let  us  apply  this  method  to  the  equation 

y = xp+f(p ) (1), 

usually  termed  Clairaut’s  equation. 

Differentiating,  we  have 


whence 


{*+/'  (i>))  tr°* 
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Now  this  is  resolvable  into  the  two  equations, 


x+f  (iO=<> 


dp 

dx 


= 0 


(2), 

(3). 


The  second  of  these,  which  alone  contains  differentials  of  the 
new  variables  x and  p,  is  the  true  differential  equation  between 
x and  p. 

Integrating  it  we  have  p = c, 
and  substituting  this  value  of p in  (1), 

y = cx+f(c) (4), 

which  is  the  complete  primitive  required. 

But  what  relation  does  the  rejected  equation  (3)  bear  to 
the  given  differential  equation  (1),  and  what  relation  to  its 
complete  primitive  just  obtained  ? 


If  we  eliminate^?  between  (1)  and  (3)  we  obtain  a new  rela- 
tion between  x and  y not  included  in  the  complete  primitive 
already  found,  i.  e.  not  deducible  from  that  primitive  by 
assigning  a particular  value  to  its  arbitrary  constant,  and  yet 
satisfying  the  same  differential  equation,  and,  as  we  shall 
hereafter  see,  connected  in  a remarkable  manner  with  the  com- 
plete primitive.  Such  a relation  between  x and  y is  called  a 
singular  solution.  We  shall  enter  more  fully  into  the  theory 
of  singular  solutions  in  a distinct  chapter,  but  the  following 
example  will  throw  some  light  upon  their  nature,  as  well  as 
illustrate  the  process  above  described. 


Ex. 


Given  y = xp  + — . 


Here  differentiating  we  have 


From  the  equation 


dp 
dx ' 


dp 

dx 


— 0,  we  have  p — c,  whence 


m 

y = cx- \ — 
^ c 


(5), 


Digitized  by  Google 


126  ON  DIFFERENTIAL  EQUATIONS  OF  THE  FIRST  ORDER, 


the  complete  primitive. 


From  the  equation  x , =0,  we  have 


and  this  value  substituted  in  the  original  equation  gives,  after 
freeing  the  result  from  radical  signs, 


y1  = 4 mx 


(6), 


the  singular  solution. 

Here  the  singular  solution  (6)  is  the  equation  of  a parabola 
whose  parameter  is  4 m,  and  the  complete  primitive  (5)  is  the 
well-known  equation  of  that  tangent  to  the  same  parabola 
which  makes  with  the  axis  of  » an  angle  whose  trigonometri- 
cal tangent  is  c. 

Now,  for  the  infinitesimal  element  in  which  the  curve  and 

dft 

its  tangent  coincide,  the  values  of  x,  y,  and  are  the  same 


in  both.  And  thus  it  is  that  the  algebraic  equations  of  the 
curve  and  of  its  tangent  satisfy  the  same  differential  equation 
of  the  first  order. 


On  the  other  hand,  if  (5)  be  regarded  as  the  general  equa- 
tion of  a system  of  straight  lines,  each  straight  line  in  that 
system  being  determined  by  giving  a special  value  to  c in  the 
equation,  the  envelop  or  boundary  curve  of  the  system  will 
be  determined  by  (6).  Here  the  singular  solution  is  presented 
as  the  equation  of  the  envelop  of  the  system  of  lines  defined 
by  the  complete  primitive. 


7.  In  the  second  place  let  us  consider  the  more  general 
equation 

y=xf{p)  + <f>(p )• 

Differentiating,  we  have 

p =f(p)  + W (j»)  +# 


whence  { p -f(p)}  ^ -/’  (p)  x = <f>'  (p), 
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or 


dx  f'(p)  <£'  (p) 

dp  P ~fip)  P ~f(p)  ’ 


a linear  equation  of  the  first  order  by  which  x may  he  deter- 
mined as  a function  of  p.  The  elimination  of  p between  the 
resulting  equation  and  the  given  one  will  give  the  complete 
primitive. 

The  typical  equation 

x<f>(p)+y^{p)=x(p) 


may  be  reduced  to  the  above  form  by  dividing  by  <f>(p),  but 
it  may  also  be  treated  independently  by  direct  differentiation. 

Instead  however  of  forming  a differential  equation  between 
x and  p,  we  may  form  a differential  equation  between  y and 
p.  Or,  with  greater  generality,  representing  any  proposed 
function  of  p by  t,  we  may  form  a differential  equation  be- 
tween either  of  the  primitive  variables  and  t.  Such  a diffe- 
rential equation  will  necessarily  be  linear,  and  its  solution 
must  of  course  be  followed  by  the  elimination  of  t.  And  this 
general  procedure,  more  fully  to  be  exemplified  when  we  come 
to  treat  of  some  of  the  inverse  problems  of  Geometry  and  of 
Optics,  is  often  attended  with  signal  advantage. 

Ex.  Given  x + yp  = ap*. 


We  shall  reduce  this  to  a differential  equation  between  x 
and  p. 

Differentiating,  we  have 


1+r+ 


then  eliminating  y by  means  of  the  given  equation,  we  have 

which  may  be  reduced  to  the  linear  form 

dx  x _ ap 
dp  p (1  + p*)  ~ \+p" 
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its  integral  being 

gas  V(l+j>*)  [ff+«log[p  + V(l+p*)}]- 

If  in  this  equation  we  substitute  for  p its  value  in  terms  of  x 
and  y furnished  by  the  given  equation,  i.e.  if  we  make 

„ . y ± V(yf-  4oa?) 


we  shall  be  in  possession  of  the  complete  primitive. 

Had  we  chosen  to  form  a differential  equation  between  y 
and  p,  we  should  have,  on  differentiating  the  given  equation 
while  regarding  y as  independent  variable, 


dx  , dp  dp 

%+p+»%=iai>p 


m (lx  1 

whence,  replacing  by  — and  reducing, 


dy,  p 2<y* 

dp  1 +p‘d  1 p* 5 

therefore  on  integration 


V = V(l+/)  ^C  + ai?  ^ +P")  + “ bS  ^ + ^ +P^’ 

from  which,  as  before,  y must  be  eliminated.  The  final  results 
are  of  course  identical. 


Homogeneous  Equations  of  the  first  order. 

8.  Equations  which  are  homogeneous  with  respect  to  x 
and  y may  be  prepared  for  solution  by  assuming  y = vx. 

The  typical  form  of  such  equations  is 

p)  = 0 (*)• 
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Assuming  then  — = v,  and  dividing  by  x",  we  have 

<f>[v,p)  = 0 (2). 

If  we  can  solve  this  equation  with  respect  to  p,  we  have 

p = f(v). 

But,  since  y = xv 

dv 

r=xdi+v- 

Thus  the  transformed  equation  becomes 

xzi+v=fW’ 


whence 


dv  dx  _ 

» “IT  — 


v-f(v)  X 


an  equation  in  which  the  variables  are  separated,  and  in  the 
integral  of  which  it  will  only  remain  to  substitute  for  v its 

value 

x 

But  if  it  be  more  easy  to  solve  (2)  with  respect  to  v than 
with  respect  to  p,  and  if  the  result  be 

v=f(p), 

then  restoring  to  v its  value  ^ , we  have 

y = xf(p), 

which  is  a particular  case  of  the  equation  of  the  previous 
section.  Hence  differentiating,  we  have 


P=f{p)  + *fip)%. 


B.  D.  E. 


9 
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from  which  results 

dx  f'{p)dp  _ 

* +f(p)  ~P  ’ 

an  equation  in  which  the  variables  x and  p are  separated. 
Between  the  integral  of  this  equation  and  the  given  equation 
p must  be  eliminated,  and  the  relation  between  x and  y which 
results  will  be  the  complete  primitive. 

Ex.  Given  yp  + nx  = \J(y*  + nx *)  \/(l  +p*)  • 

Assuming  y = vx,  we  have 

vp  + n — V(u*  + n ) V(1  + p *), 

the  solution  of  which  with  respect  to  p gives 

p=v±^/(^r)  V(v*+«). 

-n  . dv 

But  p = x -j-  + v. 

Therefore  x V (v*  + «), 

dv  _ lln  — 1\  dx 
V (u*  + n)  y \ n ) x 

Integrating,  we  have 

log  {v  + V(uJ  + n)}  = ± (^"^)  loS X+G’> 

v + V (v*  + n)  = cx * \ 
or,  replacing  v by  ^ , 

y + V(jf + «**)“ 

the  complete  primitive. 
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Equations  solvable  by  differentiation. 

9.  A remarkable  class  of  equations,  the  theory  of  which 
has  been  fully  discussed  by  Lagrange,  deserves  attention. 

It  has  been  shewn,  Chap.  I.  Art.  9,  that  if  two  differential 
equations  of  the  first  order,  each  involving  a distinct  arbi- 
trary constant,  give  rise  to  the  same  differential  equation  of 
the  second  order,  they  are  derived  from  a common  primitive 
involving  both  the  arbitrary  constants  in  question. 

Let  us  suppose  these  differential  equations  of  the  first  order 
to  be  reduced  to  the  forms 


(2), 


and  let  the  primitive  obtained 


by  the  elimination  of  ^ be 

ax 


0>  (x,  y,  a,  b)  = 0.  Lagrange  has  then  observed  that  if  we 
have  any  differential  equation  of  the  first  order  of  the  form 


y(r 


= 0 (3), 


its  complete  primitive  will  still  be  $ ( x , y,  a,  b)  — 0,  but  with 
the  condition  that  a and  b are  no  longer  independent  con- 
stants, but  are  connected  by  the  relation 

F (a,  b)  = 0. 

This  is  an  obvious  truth.  For  as,  by  hypothesis,  the  sup- 
posed primitive  <t>  ( x , y,  a,b)=  0 gives 


it  will  convert  (3)  into  F (a,  b)  = 0,  and  will  therefore  satisfy 
that  equation  if  a and  b are  connected  by  the  relation 

F (a,  b)  = 0. 

9—2 
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Moreover  it  contains  virtually  only  one  arbitrary  constant, 
for  the  relation  F (a,  b)  = 0 permits  us  to  determine  b as  a 
function  of  a.  Hence  it  will  constitute  the  complete  primitive 
of  (3).  See  also  Chap.  I.  Art.  10. 


This  result  may  be  expressed  in  the  following  theorem. 

If  any  differential  equat  ion  of  the  first  order  be  expressible 
in  the  form 

* (4>,  f)  = 0 (4), 

where  <\>  and  yfr  are  functions  of  x,  y,  ^ , such  that  the  dif- 
ferential equations 

<f>  = a,  ir  = b, 

are  derivable  from  a single  primitive  involving  a and  b as 
arbitrary  constants,  the  solution  of  the  given  differential  equa- 
tion will  be  found  by  limiting  that  pr  imit  ive  by  the  condition 

0(a,  b)  = 0, 

so  as  actually  or  virtually  to  eliminate  one  of  the  arbitrary 
constants. 

Ex.  Suppose  that  the  given  equation  is 

V{i+@)}“/(*+3'i) (,)- 

Now  the  differential  equations  of  the  first  order 


dy 

x+'j£-a 


(2), 


are  derivable  from  a common  primitive.  For,  on  differen- 
tiating them,  we  have  respectively 
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and  these  agree  as  differential  equations  of  the  second  order, 
Chap.  I.  Art.  9.  That  common  primitive,  found  by  elimi- 
nating between  (2)  and  (3),  is 


y*  + (x-a)*  = b\ 

Hence  the  primitive  of  the  given  equation  is 


y*  +(*-«)*  = {/(«)}* (*)• 

We  might  also  proceed  as  in  the  solution  of  Clairaut’s 
equation.  Differentiating  the  given  equation,  we  have 


d3y 

The  second  factor,  which  alone  involves  , equated  to  0, 
gives  on  integration  the  primitive 

/ + (x  — a)*  = b', 


in  which  the  relation  between  b and  a remains  to  be  deter- 
mined as  before.  The  first  factor  equated  to  0 constitutes 
the  differential  equation  of  the  singular  solution,  which  will 

be  obtained  by  eliminating  ^ between  that  equation  and  the 

equation  given. 

Clairaut’s  equation  belongs  to  the  above  class.  We  may 
express  it  in  the  form 

dx  ''  \dx) 


y 


Now  the  differential  equations 


dy 

y-xix=a * 


dy 

dx 


= b, 
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generate  the  same  differential  equation  of  the  second  order 


(Py_ 


0, 


and  are  derivable  from  the  same  primitive 

y = bx  + a. 


Examples  of  Transformation. 


10.  Well-chosen  transformations  facilitate  much  the  solu- 
tion of  differential  equations  of  the  first  order. 


Ex.  1. 
p.  292. 


Given 


y-xp  _ 


=f(x*  + yf.  Lacroix,  Tom.  II. 


V(1  +?) 

Assuming  x = r cos  0,  y = r sin  6,  we  have 

=.f(r), 


— r 


whence 


Consequently 


7 Hl)T 


dr  rV[r»-{/(r)H 

dd  f(r) 


.-f-./W 

J r - 


f(r)  dr 


s/[S-{f(r)}*] 


+ C. 


As 


y — xj) 


^(\  + *)  *3  ^ie  exPressi°n  for  the  length  of  the  per- 
pendicular let  fall  from  the  origin  upon  the  tangent  to  a 
curve,  the  above  is  the  solution  of  the  problem  which  pro- 
poses to  determine  the  equation  of  a curve  in  which  that 
perpendicular  is  a given  function  of  the  distance  of  the  point 
of  contact  from  the  origin. 
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By  the  same  transformation  we  may  solve  the  equation 


y — xp 

V(1  +p') 

Ex.  2.  Given 


■J(x'+A 


= Ax*  + Brf. 


To  render  the  above  equation  homogeneous  if  possible, 
let  y — z*  ; we  find 

=As^  + Bz^. 


This  will  be  homogeneous  with  respect  to  z and  x,  if  we 
have 

k (n  — 1)  = a = ?i/9, 
equations  from  which  we  deduce 


k — a ^ n a=  — 

a- ft’  n /S’ 


the  former  of  which  expresses  a condition  between  the  indices 
of  the  given  equation,  the  latter  the  value  which  must  be 
given  to  n when  that  condition  is  satisfied. 

It  appears  then  that  the  equation 

a 

can  be  rendered  homogeneous  by  the  assumption  y = zfi. 

If  the  more  general  transformation  y = zn,  x — f",  which 
seems  at  first  sight  to  put  us  in  possession  of  two  disposable 
constants,  be  employed,  the  necessity  for  the  fulfilment  of  the 
same  condition  between  a,  ft,  and  k,  will  not  be  evaded,  the 
ratio  of  the  constants  m and  «,  not  their  absolute  values, 
proving  to  be  alone  available. 

Ex.  3.  The  equation  of  the  projection  on  the  plane  xy  of 
the  lines  of  curvature  of  the  ellipsoid  i3 

A*y  (|)’+  (x--A/-B)d£-x,,  = 0 (1) . 
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Assuming  x'  = s,  y'  = t,  the  equation  is  reduced  to  one  of 
Clairaut’s  form,  Art.  6.  Its  solution  is 


f- 


Gxl=-~ 


BG 

AG+1 * 


The  equation  may  also,  without  preliminary  transformation, 
be  integrated  by  Lagrange’s  method,  Art.  9.  We  may  ex- 
press it  in  the  form 

Acfr^r  + B(f)  + ifr  = 0 (2), 


where  </>  = — , 
T x 


^=yl-ypx- 


Now  - p = a,  y1  — ypx  = b, 

are  derived  from  a common  primitive  y*  — ao?  — b.  The  solu- 
tion of  (2)  will  therefore  be, 

y*  — ax'  — b 

with  the  connecting  relation  between  the  constants, 

Aab  + Ba  -f-  b = 0. 

And  this  will  be  found  to  agree  with  the  previous  result. 


EXERCISES. 

The  following  examples  are  chiefly  in  illustration  of  Arts. 
1,  2,  and  3. 
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4. 


|fY+2?f_1=o. 

ax)  y ax 


The  following  examples  are  in  illustration  of  Arts.  4 and  5, 
as  well  as  the  preceding  Articles. 


The  following  examples  are  intended  to  illustrate  Art.  6. 
The  singular  solutions  as  well  as  the  complete  primitives  are 
to  be  determined. 


12. 

13. 


: X 


dy  _ (dyY 
dx  \dx)  ‘ 


The  following  examples  are  in  illustration  of  Arts.  7 and  8. 
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is.  s'=*!+’“v/{1  + (lD}- 

16. 

17.  a’+3'E=»//{1 + (!)•• 

The  following  examples  are  in  illustration  of  Art.  9, 
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CHAPTER  VIII. 


ON  THE  SINGULAR  SOLUTIONS  OP  DIFFERENTIAL  EQUATIONS 
OF  THE  FIRST  ORDER. 


1.  In  the  largest  sense  which  has  been  given  to  the  term, 
a singular  solution  of  a differential  equation  is  a relation 
between  the  variables  which  reduces  the  two  members  of  the 
equation  to  an  identity,  but  which  is  not  included  in  the  com- 
plete primitive. 

In  this  sense,  the  relation  obtained  by  equating  to  0 some 
common  algebraic  factor  of  the  terms  of  the  equation  would 
be  called  a singular  solution.  Thus  x—y  — 0 would  present 
itself  as  a singular  solution  of  the  equation 


(x-y)dx+{x-y)dy  = 0. 

But,  in  a juster  and  more  restricted  sense,  a singular  solution 
of  a differential  equation  is  a relation  between  x and  y,  which 
satisfies  the  differential  equation  by  means  of  the  value  which  it 

7 72 

gives  to  the  differential  coefficients  “ 

included  in  the  complete  primitive.  In  this  sense  the  equa- 
tion a?  + y*  = »*,  is  a singular  solution  of  the  differential  equa- 
tion of  the  first  order 


U1  &c 
dsd'  ’ 


but  is  not 


dy 

y~xl= 


n 


It  reduces  the  members  of  that  equation  to  an  identity,  but  not 
by  causing  any  algebraic  factor  of  them  both  to  vanish.  At 
the  same  time  it  is  not  included  in  the  complete  primitive 

y — cx=nf(  1 -f-c*). 

And  this  is  the  juster  definition,  because  that  which  is 
essential  in  the  singular  solution  is  thus  in  a direct  manner 
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connected  with  that  which  is  essential  in  the  differential 
equation.  Def.  Chap.  I. 

When  it  is  said  that  a singular  solution  of  a differential 
equation  is  not  included  in  the  complete  primitive,  it  is  meant 
that  it  is  not  deducible  from  that  primitive  by  a particular 
determination  of  the  arbitrary  constant  wholly  independent  of 
the  value  of  x.  The  full  import  of  the  last  clause  will  here- 
after be  seen.  But  although  a singular  solution  is  not  included 
in  the  complete  primitive,  it  is  still  implied  by  it.  Upon  the 
possibility  of  satisfying  a differential  equation  by  an  infinite 
number  of  particular  equations,  each  formed  by  the  particular 
determination  of  an  arbitrary  constant,  rests  the  possibility  of 
satisfying  it  by  another  equation,  to  the  formation  of  which 
each  particular  solution  has  contributed  an  element.  We  have 
seen  in  Chap.  vn.  how  a singular  solution,  as  representing  the 
envelope  of  the  loci  defined  by  the  series  of  particular  solutions, 
possesses  a differential  element  common  with  each  of  them. 
We  shall  now  see  that  this  property  is  not  accidental — that  it  is 
intimately  connected  with  the  definition  of  a singular  solution. 

It  is  important  that  the  two  marks,  positive  and  negative, 
by  the  union  of  which  a singular  solution  of  a differential 
equation  of  the  first  order  is  characterized,  and  by  the  expres- 
sion of  which  its  definition  is  formed,  should  be  clearly  appre- 
hended. 1st.  It  must  give  the  same  value  of  ^ in  terms  of  x 


and  y,  as  the  differential  equation  itself  does.  This  is  its 
positive  mark,  a mark  which  it  possesses  in  common  with  the 
complete  primitive,  and  with  each  included  particular  primi- 
tive. 2ndly.  It  must  not  he  included  in  the  complete 
primitive.  This  is  its  negative  mark,  Upon  the  analytical 
expression  of  these  characters  the  entire  theory  of  this  class  of 
solutions  depends. 

Among  the  different  objects  to  which  that  theory  has 
reference,  the  two  following  are  the  most  important.  1st.  The 
derivation  of  the  singular  solution  from  the  complete  primitive. 
2ndly.  The  deduction  of  the  singular  solution  from  the  differ- 
ential equation  without  the  previous  knowledge  of  the  complete 
primitive.  The  theory  of  the  latter  process  is  so  dependent 
upon  that  of  the  former  that  it  is  necessary  to  consider  them 
in  the  order  above  stated. 
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Derivation  of  the  singular  solution  from  the  complete  primitive. 

2.  Two  preliminary  propositions  are  first  to  be  noticed. 

Prop.  1.  A differential  equation  of  the  first  order  cannot 
have  two  complete  primitives,  i.  e.  it  cannot  have  two  distinct 
and  independent  solutions  each  involving  an  arbitrary  constant. 

If  possible  let  there  exist  two  such  distinct  primitives  repre- 
sented by 

<t>{x,y)  = c1,  *(x,y)=ct (1), 


supposed  to  belong  to  the  same  differential  equation,  and 

therefore  giving  rise  to  the  same  value  of  ^ as  a function  of 

x and  y.  Differentiating  these  equations,  and,  for  brevity, 
representing  their  first  members  by  «t>  and  S',  we  have 

d<&  d<b  dy 

1 = 0 

dx  dy  dx  ’ 


dx  dy  dx  ’ 


whence,  eliminating  <—^ 
must  have  identically 


which  is  by  hypothesis  common,  we 


d<b  d'ir 
dx  dy 


d<t>  d'ir 
dy  dx 


(2), 


an  equation  which,  by  Chap.  IV.  Art.  3,  indicates  that  S'  is  a 
function  of  <I>,  and  therefore  that  the  supposed  primitives  are 
not  independent.  For  if  S'=i/’(<1>),  then  the  primitive  <J>  = c, 
giving — f (Cj) , gives  S'=/(c1),  and  this,  since  a function 
of  an  arbitrary  constant  is  itself  an  arbitrary  constant,  is  equi- 
valent to  S'  = e, , so  that  one  of  the  supposed  primitives  is 
seen  to  be  a consequence  of  the  other. 


Prop.  2.  A given  primitive  equation  involving  x,  y,  and  c, 
may,  by  the  conversion  of  the  arbitrary  constant  c into  a func- 
tion of  x,  be  made  to  represent  any  proposed  relation  beticeen 
x and  y. 
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Let  ^ (x,  y)  = 0 be  a proposed  equation  between  x and  y, 
into  which  it  is  required  to  convert  the  supposed  primitive 

</>  (*»  c)  = 0. 


Eliminating  y between  the  two  equations,  we  obtain  an 
equation  between  x and  c,  expressing  the  condition  under 
wliich  the  given  equation  <f>  ( x , y,  c)  = 0 and  the  proposed 
equation  % (x,  y)  = 0 admit  of  being  simultaneously  true. 
From  the  equation  thus  found  we  can  determine  c as  a func- 
tion of  x,  and  this  value  of  c substituted  in  the  primitive 
<f>  (x,  y,  c)  = 0,  will  reduce  it  either  to  the  form  x (x,  y)  = 0, 
or  to  a form  thereto  equivalent. 


Ex.  Let  it  be  required  to  convert  the  equation  y = cx  into 
x?  + = 1,  by  the  conversion  of  c into  a function  of  x. 

Eliminating  y from  the  given  and  the  proposed  equation, 
we  have 


x?  + cV  = 1, 


whence  c = — -. 

x 

This  value  of  c substituted  in  y = cx,  converts  it  into 

y = V(l-«*), 

which  is  equivalent  to  £c*  + y7  = 1 . 

Cor.  The  same  course  of  demonstration  shews  that  a 
primitive  containing  only  y and  c may,  by  the  conversion 
of  c into  a function  of  x,  be  made  to  represent  any  proposed 
relation  between  x and  y.  And  the  general  proposition  evi- 
dently is  that  a primitive  containing  y at  least,  together  with 
c,  may,  by  the  conversion  of  c into  a function  of  x, — and  a 
primitive  containing  x at  least,  together  with  c,  may,  by  the 
conversion  of  c into  a function  of  y, — be  made  to  represent 
any  proposed  equation  between  x and  y. 

3.  Let  us  now  examine  the  consequences  of  the  above 
propositions. 

From  Prop.  1 it  appears  that  if  we  have  obtained  a solution 
under  the  general  form  <f>  [x,  y,  c)  — 0 of  a differential  equation 
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of  the  first  order,  no  other  solution  involving  an  arbitrary- 
constant  exists.  Here  then  the  inquiry  is  suggested  whether 
the  differential  equation  can  be  satisfied  if  any  other  than  a 
constant  value  be  given  to  c in  its  complete  primitive.  By 
Prop.  2 it  is  seen  that  when  the  primitive  involves  x,  y,  and 
c,  or,  still  more  generally,  if  it  involve  y at  least,  together 
with  c,  the  hypothesis  of  the  variation  of  c as  a function  of  x 
is  sufficiently  wide  to  embrace  every  possible  supposition  as 
to  the  nature  of  the  relation  between  x and  y.  We  propose 
therefore  to  inquire  whether  in  the  equation 


<f>  (x,  y,  c)  = 0, 


assumed  as  primitive,  it  is  possible  so  to  determine  c as  a 
function  of  x,  that  the  resulting  expression  for  ^ in  the 


differential  equation  shall  be  the  same  as  if  c were  a con- 
stant. 


Representing  the  primitive  and  the  derived  equation  in  the 
forms 


y=f{x>  c)> 


dy  dfjx,  c) 
dx  dx 


(1), 


the  differential  equation  is  obtained  from  these  by  eliminating 
c.  It  will  therefore  be  unaffected  by  any  change  in  the 
nature  of  c,  provided  that  the  form  of  the  relation  between  x, 

y,  and  c in  the  primitive  and  between  ^ , x,  and  c in  the 

derived  equation  remains  unchanged. 

Now  differentiating  the  primitive  on  the  hypothesis  that  e 
is  a function  of  x,  and  representing  the  differential  coefficient 

of  c thus  considered  by  j we  have 

dy  df(x,c)  df{x,  c ) fdc\  . 

dx  dx  dc  \dxj ' ’ 

And  this  will  agree  in  form  with  the  expression  for  ^ in  (1) 
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if  ®ut  t0  suppose  = 0 would  be  to 

suppose  c a constant  and  to  return  to  the  ordinary  primitive. 
It  remains  therefore  that  for  a singular  solution  we  have 


ffiQg.  <0 

dc 


°r!=o (*>• 


This  is  the  first  analytical  condition.  What  it  means  is  that 
if  a fixed  value  be  given  to  x in  the  primitive,  y must  not 
vary  for  an  infinitesimal  variation  of  c.  And  by  this  condi- 
tion c is  to  be  determined  as  a function  of  x. 


Now  the  substitution  of  any  function  of  x for  c in  a primi- 
tive which  contains  y at  least,  cannot  lead  to  a resulting 
equation  not  containing  y,  though  it  may  lead  to  a resulting 

equation  not  containing  x.  Hence  the  condition  ^ = 0 can 


only  lead  to  those  singular  solutions  in  the  expression  of 
which  y at  least  is  involved.  Had  we  reduced  the  primitive 
to  the  form  x=f(y,  c)  we  should,  as  is  evident  from  the 

Srineiple  of  symmetry,  have  arrived  at  the  analytical  con- 
ition 


(4), 


a condition  by  which  c would  be  determined  as  a function  of 
y.  And  the  substitution  of  such  value  or  values  of  c in  the 
primitive  would  lead  to  all  singular  solutions  in  the  expression 
of  which  x at  least  is  involved. 


It  will  be  remembered  that  what  is  essential  to  a singular 
solution  is  that  c should  not  admit  of  determination  as  a 
constant  wholly  independent  of  the  variables.  But  whether 
it  be  determined  as  a function  of  a;  or  as  a function  of  y is 
indifferent.  The  one  form  is  usually,  but  not  always,  con- 
vertible into  the  other  by  means  of  the  primitive.  Thus,  if 
the  primitive  be  in  the  form  </>  (x,  y,  c)  = 0,  and  c be  deter- 
mined in  the  form  c=f(y),  the  elimination  of  y between  these 
equations  will  generally  enable  us  to  determine  c as  a function 
of  x ; but  it  will  not  do  so  if,  in  the  elimination  of  y,  c should 
disappear. 
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Thus  if  the  primitive  were 


x={y-c)', 

the  value  of  c determined  as  a function  of  y by  the  condition 
clx 

^ = 0 would  be  c=y,  and  this  value  of  c is  not  expressible 

by  means  of  x,  for  on  attempting  to  eliminate  y between  the 
above  equations  c also  disappears.  Nor  is  it  indeed  possible 

in  the  above  case  to  satisfy  the  condition  ^ = 0.  Hence  it  is 

dc 

necessary  in  establishing  a general  method  to  take  account  of 
both  the  conditions  (3)  and  (4). 


And  these  conditions  are  sufficient.  No  other  is  implied. 

The  comparison  of  (1)  and  (2)  from  which  the  condition  Hr  =0 

dc 

dx 

was  derived,  leads  also  to  the  condition  -^  = 0,  but  not  to  any 

other  condition.  The  expressions  which  they  furnish  for  ~ 

dx 

become  equivalent  in  two  cases  only,  viz.  1st  if  _.0 

ac 

the  case  first  considered ; 2ndly,  if  without  supposing 

df(x, c)  a x.  df(x » c)  fdc\  . ^ ..  . , . 

dc  =0,  we  have  (sj  infinitesimal  u 

• df  (cc  c) 

parison  with  J ■ , and  therefore  if  we  have 


in  com- 


df(x,  c)  . df[x,  c)  A 
dc  ' dx 


•(5), 


for,  c being  regarded  as  a function  of  x,  and  therefore  variable, 
the  factor  cannot  be  continuously  infinite.  Now  dif- 
ferentiating the  equation  y =f(x,  c ) we  have 


(«). 


dc 


Bi  D.  Ei 
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•* 

Hence,  if  we  make  dy  = 0,  we  have 

dx  df(x,  c)  _ df(x,  c) 


dc 


dx 


dx 


•(7), 


dx 


so  that  (5)  assumes  the  form  = 0.  But,  as  a demonstration 

of  this  condition,  the  above  method  is  less  general  than  the 
previous  one,  for  it  assumes  the  possibility  of  expressing  as  a 
function  of  x the  value  of  c determined  by  the  condition 

^ = 0.  Now  that  value  is  primarily  a function  of  y,  and  may 

not  be  expressible  at  all  by  means  of  <f. 


It  is  well  to  note  that  the  final  criteria  = 0,  <~ 

dc  dc 


0 


are  in  effect  analytical  expressions  of  what  logicians  term  con- 
ditional propositions.  The  former  expresses  that  if  x is 
assumed  constant,  y will  not  vary  for  an  infinitesimal  varia- 
tion of  c ; the  latter  that  if  y be  assumed  constant,  x will  not 
vary  for  an  infinitesimal  variation  of  c. 

4.  We  have  shewn  that  each  of  these  conditions  has  its 
special  case  of  failure.  It  may  be  proper  to  shew  that  except 
in  such  cases  of  failure  they  are  equivalent. 

As  expressed  by  means  of  the  primitive  y =f  ( x , c),  these 
conditions  assume  the  forms 

df(x,  c)  _ n df(x,  c ) t df(x,  c ) A 
dc  ' dx  ~U’ 


dc 


or 


^-0 

dc  ’ dc  • dx  ’ 
dy 


and  these  are  equivalent  unless  ^ be  0 or  infinite. 

But  ^ = 0 implies  that  the  singular  solution  is  of  the 
form 

y = a definite  constant, 
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and  this  is  precisely  that  form  of  singular  solution  which  the 
• • dx 

condition  = 0 fails  to  give. 

Similarly  oo , being  equivalent  to  ^ = 0,  implies  that 


the  singular  solution  is  of  the  form 

x = a definite  constant, 


and  this  is  that  form  of  singular  solution  which  the  condition 
= 0 fails  to  give. 


Thus  the  conditions  ^ = 0,  ^=0,  although  not  necessarily 
equivalent,  do  not  lead  to  conflicting  results. 


When  we  cannot  solve  the  primitive  equation  with  respect 
to  y and  a?  so  as  to  enable  us  to  form  directly  the  expressions 
3/u  dx 

for  ^ and  , we  may  proceed  thus.  Representing  the  pri- 
mitive by  <j)  = 0,  we  have  on  differentiation 


*=°- 

Hence,  remembering  what  is  meant  by  ^ and  ~ , 

chf>  d<f> 

dy  _ dc  dx  _ dc 

dc  ~ 'cUp*  dc  

dy  dx 

and  the  second  members  of  these  equations  must  be  equated 
to  0. 

We  see  that  these  second  members  will  usually  vanish  if 

^ = 0.  And  this  equation  ~ = 0 is  adopted  by  most  writers 

as  the  sole  expression  of  the  rule  for  the  derivation  of  the 

10 — 2 
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singular  solution  from  the  complete  primitive,  unrestricted 
by  any  accompanying  condition.  (Lagrange,  Calcul  des  Fonc- 
tions,  p.  207).  Thus  stated  however  it  can  only  mislead. 
dy  dx 

The  vanishing  of  or  in  (8)  may  be  due  not  to  the 

vanishing  of  the  numerator  , but  to  the  assumption  of  an 

ac 

infinite  value  by  the  denominator  ^ or  ^ . The  latter  is 
J dy  dx 

indeed  quite  as  probable  a cause  as  the  former  when  <f)  is  not 
expressed  as  a rational  and  integral  function  of  x and  y.  And 

even  when  (f>  is  thus  expressed  the  condition  = 0 may  fail 

through  its  involving  a factor  contained  in  or  . We 

conclude  that  while  the  true  tests  of  a singu^r  solution  are 
^=0  and  ~^  = 0,  any  subsidiary  conditions  such  as~  = 0, 

^ = oo , are  only  to  be  used  for  purposes  of  conve- 
nience, and  never  without  reference  to  the  more  fundamental 
relations  of  which  they  take  the  place. 

The  following  is  a legitimate  example  of  the  application  of 
the  subsidiary  condition  = 0. 

The  complete  primitive  of  the  differential  equation  ^ = 2 y* 

is  y = (x  — c)*.  Here  <f>—y  — (x  — c)s,  and,  this  being  rational 

and  integral,  the  condition  = 0 gives  2 (x  — c)  = 0,  whence 

c = x,  a value  which,  substituted  in  the  primitive,  gives  y = 0 
a singular  solution. 

The  condition  ^ = 0 also  gives  c—x,  and  leads  to  the  same 

result.  But,  since  the  primitive  solved  with  respect  to  x gives 
• dx 

x=  c+yi,  the  condition  ^ =0  cannot  be  satisfied.  Thus  the 


Digitized  by  Google 


DIFFERENTIAL  EQUATIONS  OF  THE  FIRST  ORDER.  149 


singular  solution  is  here  obtained  by  means  of  the  condition 
^ = 0,  and  not  by  the  condition  — = 0. 


do 


5.  The  chief  results  of  the  above  investigation  are  com- 
bined in  the  following  Theorem. 


Theorem.  Every  singular  solution  of  a differential  equa- 
tion of  the  first  order  may  he  deduced  from  its  complete  primi- 
tive by  giving  therein  to  c a variable  value  determined  from 
that  primitive  by  either  or  both  of  the  equations 


<&  = o ^ = 0 
do  ’ do 


(!)• 


Jind  any  solution  which  is  thus  obtained,  and  which  cannot  be 
also  obtained  by  giving  to  c in  the  primitive  a constant  value,  is 
a singular  solution. 


The  conditions  (1)  are  equivalent,  except  when  one  only  of 
the  variables  x and  y is  involved  in  the  singular  solution  ; solu- 
tions involving  only  the  variable  y resulting  only  from  the 

condition  ^ = 0,  and  those  involving  only  the  variable 


x re- 


dx 


suiting  only  from  the  condition  = 0 


When  the  primitive,  represented  by  <£  = 0,  is  rational  and 
integral  we  may  for  convenience  employ  the  single  condition 

= 0 ; but  never  without  reference  to  the  fundamental  con- 
ditions (1). 

In  the  statement  of  the  above  theorem  the  two  following 
particulars  should  be  noticed. 


1st.  It  supposes  c to  be  determined  as  a variable  quantity. 
Now  if  c be  obtained  as  a function  of  both  x and  y,  as  it 

generally  will  be  if  the  condition  ^ = 0 be  made  use  of,  it 

may  be  necessary  by  a subsequent  elimination  to  reduce  it  to 
a function  of  one  of  the  variables,  in  order  to  assure  ourselves 
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that  it  is  not  constant  in  virtue  of  the  relation  between  x and 
y established  in  the  primitive. 

) 

2ndly.  The  theorem  takes  account  equally  of  the  positive 
and  of  the  negative  characters  of  a singular  solution.  The 
existence  of  a variable  value  of  c determined  by  either  of  the 
conditions  (1)  does  not  assure  us  that  the  resulting  solution  is 
singular,  unless  constant  values  of  c are  at  the  same  time 
excluded. 


Ex.  1.  The  equation  y * — 2 xy  ^ + (1  + sc*)  = 1,  has 

for  its  complete  primitive  y = cx  + *J{  1 — c*).  Its  singular 
solution  is  required. 


;re  =x  — r. ~ — =r . Hence  = 0 gives  for  c the 

dc  V(l  — c ) dc 

ible  value  c = -m — rr  i the  substitution 

V(®^+  1) 

itive  gives 

t / i * \ 


This  value  of  y satisfies  the  given  differential  equation,  and 
it  is  evident  on  inspection  that  it  is  not  included  in  the  com- 
plete primitive.  Formally  to  establish  this,  we  find  on  elimi- 
nating y between  that  equation  and  (1) 

cx  + V(1  — c*)  = V (**  + 1) ; t 


solving  which  with  respect  to  c,  we  have  the  unique  value 

c = + » which,  agreeing  with  the  value  of  c before 

employed,  shews  that  c admits  of  no  other  value,  and  in 
particular  that  it  admits  of  no  constant  value.  The  solution 
is  therefore  singular. 

• • dx 

The  condition  ^n-  = 0 would,  in  the  above  example,  give 
(v*+ 1)' 

c = \ Z — and  lead  to  the  same  final  result. 

y 
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We  must  "be  careful  not  to  rely  upon  the  condition  — 0, 

except  under  the  circumstances  specified  in  the  general  theo- 
rem. This  remark  will  he  illustrated  in  the  following  example. 

Ex.  2.  The  complete  primitive  of  the  differential  equa- 
tion y =px  + — , where  p stands  for  ^ , is  y — cx  — ™ = 0, 
and,  if  we  represent  its  first  member  by  <f»,  the  elimination  of 
c between  the  equations  <f>  = 0,  ~ = 0,  gives  the  singular  solu- 
tion y*  — 4 mx. 


But  if  we  reduce  the  primitive  by  solution  to  the  form 


y ± ^(f-imx) 
x 


2c  = 0, 


and  then  represent  its  first  member  by  tf>,  we  shall  have 

dy  _ d<f>  d$ 
dc  dc  ■ dy 


y 

x V(y  — 4 mx) 


}• 


And  here  the  singular  solution  y*  — 4 mx  = 0,  before  obtained, 
is  seen  to  be  dependent,  not  upon  the  vanishing  of  , but 

upon  the  assumption  of  an  infinite  value  by  ^ . 


The  true  ground  of  preference  for  the  conditions  ^ = 0, 


dx 


= 0,  consists,  however,  not  in  the  directness  of  their  appli- 


cation to  irrational  forms  of  the  primitive,  but  in  the  plainness 
of  their  geometrical  interpretation,  and  still  more  in  their  fun- 
damental relation  to  the  problem  of  the  derivation  of  the 
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singular  solution  from  the  differential  equation — points  here* 
after  to  be  discussed. 

The  following  example  is  intended  to  illustrate  that  portion 
of  the  theorem  which  relates  to  the  negative  character  of  a 
singular  solution. 

Ex.  3.  The  complete  primitive  of  the  differential  equation 

(i0'-4a»s+8*’=°i 

is  y = c{x  — c)*.  The  singular  solution  is  required. 

Here  the  condition  = 0 gives 

[x  — c)  (x  — 3c)  = 0, 

whence  c = x,  or  ^ . These  values  of  c,  both  of  which  are 

O 

.variable,  reduce  the  primitive  to  the  forms 

4x' 

2/  = °>  y=27» 

and  both  these  are  solutions  of  the  differential  equation.  But 
while  the  latter  of  the  two  is  not  included  in  the  complete 
primitive,  the  former  is  included  in  it.  If  between  the  equa- 
tions 

y = o(x-c)a,  y — 0, 

we  eliminate  y,  the  resulting  values  of  c will  be 

c = 0,  c = x. 

We  see  therefore  that  the  solution  to  which  we  were  led 

by  the  assumption  c — x was  a particular  integral.  The  only 

• • • 
singular  solution  is  y = — - . 

« 4 
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Geometrical  Interpretation. 

6.  Let  y =*f{x,  e ) represent  a family  of  curves  the  indi- 
vidual members  of  which  are  determined  by  giving  different 
values  to  c.  Then,  adopting  for  a moment  the  language  of 
infinitesimals,  the  differentiation  of  y with  respect  to  c implies 
the  transition  from  an  ordinate  y of  one  curve  to  an  ordinate 
dv 

y + -J'-dc,  corresponding  to  the  same  value  of  x,  but  belonging 

to  another  curve  of  the  series;  viz.  the  curve  obtained  by 
changing  c into  c + dc. 

When  we  impose  the  condition  ^ = 0,  we  demand  that  this 
transition  shall  not  affect  the  value  of  the  ordinate  y corre- 
sponding to  a value  of  x determined  by  the  equation  ^ = 0. 

Hence  the  singular  equation  obtained  by  the  elimination  of 
c between  the  equations  y=f(x,  c),  = 0,  represents  the 

locus  of  such  points  of  successive  intersection. 

In  stricter  language,  the  singular  solution  represents  the 

locus  of  those  points  which  constitute  the  limits  of  position  of 

the  points  of  actual  intersection  of  the  different  members  of 

the  family  of  curves  represented  by  the  equation  y = f(x,  c), 

always  excepting  the  case  in  which  that  locus  coincides  with 

a particular  curve  of  the  system. 

...  dy  . 

And  as  at  these  limiting  points  the  value  of  ^ is  the  same 

for  the  locus  of  the  singular  solution  and  the  loci  of  primitives, 
it  follows  that  the  former  has  contact  with  each  ot  the  latter. 
The  locus  of  the  singular  solution  is  seen  to  be  the  envelope 
of  the  loci  of  primitives.  The  envelope  of  the  loci  of  primi- 
tives is  the  locus  of  a singular  solution,  except  when  it  coin- 
cides with  one  of  the  particular  loci,  of  which  it  forms  the 
connecting  bond. 

Similar  observations  may  be  made  with  reference  to  the 
dx 

condition  -j-  = 0. 
dc 
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Derivation  of  the  singular  solution  from  the  differential 
equation. 


7.  We  have  found  that  the  singular  solution  of  a differen- 
tial equation  considered  as  derived  from  its  complete  primitive 
possesses  the  following  characters. 


A.  It  satisfies  one  of  the  conditions  ^ = 


dx 


B.  It  is  not  possible  to  deduce  it  from  the  complete 
primitive  by  giving  to  c a constant  value. 

It  has  also  been  shewn  that  the  conditions  in  A are  equiva- 
lent except  when  the  singular  solution  involves  only  one  of 
the  variables  in  its  expression. 


Now  we  shall  endeavour  to  translate  tbe  above  characters 
from  a language  whose  elements  are  x,  y,  and  c to  a language 

whose  elements  are  x,  y,  and  ^ , — from  the  language  of  the 

complete  primitive  to  the  language  of  the  differential  equation. 

If  we  differentiate  with  respect  to  x the  complete  primitive 
expressed  in  the  form 

y=f(x,c) (1), 


we  obtain  the  derived  equation 


P = 


df{x,  c) 
dx 


M. 


and  substituting  in  this  for  c its  expression  in  terms  of  x and 
y given  by  the  primitive  (1),  we  have  finally  the  differential 
equation  in  the  form 

p = <f>(x,y) (3). 


Thus  the  differential  equation  (3)  is  the  same  as  the  derived 
equation  (2),  provided  that  c be  considered  therein  as  a func- 
tion of  co  and  y determined  by  (1). 

Accordingly  we  have 

^m(3)=^in(2)x^m  (1), 
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or 

dp  ,oX  _ d'f(x,  c)  . df(x,  c) . 

dy  w dxdc  ■ dc  * 

since  in  (1) 

• 

+ 

II 

+ 

H 

II 

•Si'S 

Hence 

or  finally 

dp  d , dy 

dy  dx  log  dc 

....(4), 

provided  that  the  value  of  the  first  member  be  derived  from 
the  differential  equation,  that  of  the  second  member  from  the 
complete  primitive. 

In  like  manner  if  we  suppose  the  complete  primitive  ex- 
pressed in  the  form 

x = c), 

we  shall  have  through  symmetry  the  relation, 


d_  ft 
dx  \jp, 


0- 


d , dx 
dy  Tc  ' 


the  first  member  referring  to  the  differential  equation,  the 
second  to  the  complete  primitive. 

The  equations  (4)  and  (5),  which  are  rigorous  and  funda- 
mental, establish  a connexion  between  the  differential  equa- 
tion and  the  complete  primitive,  and  it  now  only  remains  to 

introduce  the  conditions  = 0,  ^ = 0.  We  begin  with  the 

former. 

We  have  seen  that  when  ^ = 0 leads  to  a singular  solu- 
tion it  does  so  by  enabling  us  to  determine  c as  a function  of  x, 
suppose  c = X.  Before  proceeding  to  more  general  considera- 
tions it  will  be  instructive  to  make  a particular  hypothesis  as 

to  th e form  of  the  equation  = 0. 
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Suppose  then  this  equation  to  be  of  the  form 


Q(c-Xr  = 0 


(6), 


m being  a positive  constant  and  Q a function  of  * and  c,  which 
neither  vanishes  nor  becomes  infinite  when  c = x.  This  hypo- 
thesis is  at  least  sufficiently  general  to  include  all  the  cases  in 

which  = 0 is  algebraic. 


By  (6)  we  have  then 


dy  dx  ® dc 


dX 

dx 


m 


c-X 


(7), 


and  the  second  term  of  the  right-hand  member  having  c — X 
for  its  denominator  and  not  containing  c at  all  in  its  nume- 
rator, is  infinite.  At  the  same  time,  we  see  that  no  such 
infinite  term  would  present  itself  were  c determined  as  a con- 
stant. 


For  let  %T  « (°  - “)*• ,hen  s log  % = 35 ' * Q' lie  right" 

hand  member  of  (7)  being  now  reduced  to  its  first  term. 


The  conclusion  to  which  this  points  is  that  ^ is  infinite  for 
a singular  solution,  but  finite  for  a particular  integral. 


Again,  suppose  the  value  of  c in  terms  of  x and  y fur- 
nished by  algebraic  solution  of  the  complete  primitive  to  be 
c — (f>(x,  y),  then  substituting  this  value  in  the  equation 
c — X —0t  we  obtain  the  singular  solution  in  the  form 


<M®,  y)~x=o. 

Now  the  same  substitution  gives  to  the  infinite  term  in  the 


value  of  ^ the  form 
dy 


— m - 


dX 


dx 

<f>(x,  y)-X 


,(8). 


Digitized  by  Google 


PROM  THE  DIFFERENTIAL  EQUATION.  157 

We  see  then,  in  the  case  of  a singular  solution  correspond- 
ing to  a determination  c — X,  that  ^ as  derived  from  the  dif- 
ferential equation  becomes  infinite  owing  to  d>(x,y)~X 
occurring  in  a denominator.  And,  whatever  modification  of 
form  may  he  made  by  clearing  of  fractions  or  radicals,  we  may 
still  infer  that,  if  u — 0 be  a singular  solution  derived  from  an 

algebraic  primitive,  the  function  ^ will  become  infinite,  owing 
to  u presenting  itself  under  a negative  index. 

The  analysis  does  not  however  warrant  the  conclusion  that 
any  relation  between  x and  y which  makes  ^ infinite  will 
be  a solution.  If  m be  a negative  constant,  the  second  term 
in  the  expression  of  ^ is  still  infinite,  but  the  prior  condition 

^ = 0 is  no  longer  satisfied.  All  we  can  affirm  is  that  if 

= co  gives  a solution  at  all  it  will  be  a singular  solution. 

• dec  !•••  • ••• 

Since  ^ = - , it  is  evident  that  a singular  solution  originat- 
ing in  a determination  of  c in  the  form  c=Y  will  make 

■i-  (— ) infinite. 
ax  \pj 


A contrast  between  the  conditions  ^ < 

ac 


clec 

0,  xs0,  and  the 
ac 


conditions  = co,  is  also  developed.  The  former 

lead  to  solutions,  but  not  necessarily  to  singular  solutions ; 
the  latter  do  not  necessarily  lead  to  solutions,  but  when  they 
do,  those  solutions  are  singular. 

Ex.  1.  Given  j?  — 2xp  + 2y  — 0. 

Here  p =x  ± V(f3*  — 2y), 

|=T(x--2y)-, 
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a* 

which  becomes  infinite  if  3/  = — , and  this  satisfies  the  differ- 

z * 

ential  equation.  It  is  therefore  a singular  solution. 

It  may  be  objected  against  the  above  reasoning,  not  only 
that  it  involves  an  assumption  as  to  the  form  of  the  equa- 
tion = 0,  but  also  that  it  takes  no  account  of  any  pos- 


sibilities arising  from  the  first  term  in  the  expression  of 
^ . But  it  serves  well  to  illustrate  what,  in  the  vast  ma- 
jority of  instances,  is  the  actual  mode  of  transition  from  the 
one  set  of  conditions  to  the  other.  We  proceed  to  consider 
the  question  in  a more  strict  and  general  manner. 


8.  When  = 0 determines  c as  a function  of  x,  it  recipro- 


cally determines  a;  as  a function  of  c,  so  that  if  a definite  value 
be  given  to  c,  a corresponding  definite  value  or  values  will  be 

given  to  x.  Let  ~ be  represented  by  ^(x,  c),  then 


±=Ai0S& 

dy  dx  ° dc 

limit  of  logt^  + i.ci-logftx.c)  _____  _(9)_ 


h approaching  to  0. 

Now  for  a singular  solution  i/r  (x,  c ) = 0,  and  this  being, 
from  what  precedes,  satisfied  only  by  definite  values  of  x,  cor- 
responding to  our  assumed  definite  value  of  c,  it  follows  that 
yfr  (x  + h,  c ) will  not  be  equal  to  0 for  any  continuous  series  of 
values  of  h however  small ; neither  then  will  log  ifr  (x  + h,  c) 
retain  continuously  the  value  of  log  ifr  (x,  c),  viz.  — 00 , Thus 
the  numerator  of  the  fraction  in  the  second  member  being 
equal  to  the  difference  between  a finite  and  an  infinite  quantity 
is  infinite,  and  the  limit  of  the  fraction  therefore  infinite. 
Hence  we  conclude  that  a singular  solution  considered  as 
derived  from  the  primitive  by  the  conversion  of  c into  a function 
of  x,  satisfies  relatively  to  the  differential  equation  the  condition 

= 00, 


dy 
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And  in  the  same  way  it  may  be  shewn  that  a singular  solu- 
tion derivable  from  the  primitive  by  the  conversion  of  c into  a 

function  of  y satisfies  the  condition  ^ = oo . 

Changing  the  order  of  the  enquiry,  let  us  now  examine 
whether  there  exist  any  other  forms  of  solution  satisfying  the 

condition  ^ = co,-^-(^=co.  If  there  be,  it  will  be  made 
ay  ax  \pj 

evident  that  more  is  involved  in  the  definition  of  a singular 
solution  than  we  have  yet  recognized  in  our  processes  of 
deduction,  or  else  that  the  definition  must  be  enlarged. 

Expressing  the  condition  = °o , in  the  form 

as10**-” <10)’ 

we  observe  that  it  can  be  satisfied  only  in  one  of  two  ways, 
viz.  either  independently  of  c,  or  by  some  determination  of  c, 
and  if  the  latter  again  only  in  one  of  two  ways,  viz.  either  by 
the  determination  of  c as  a function  of  x,  or  by  the  determina- 
tion of  c as  a constant. 

We  may  pass  over  the  case  in  which  the  above  equation  is 
satisfied  independently  of  c,  because  the  relation  obtained 
would  involve  x only,  while  it  is  a condition  accompanying 

the  use  of  ^ = co  that  it  leads  to  solutions  involving  y at 

least.  We  may  also  pass  over  the  case  in  which  it  is  satis- 
fied by  the  assumption  c = X,  because  such  a value  of  c,  if  it 
lead  to  a solution  at  all,  can  only  do  so  by  satisfying  the  con- 
dition ~ =0,  and  thus  lead  to  the  form  of  singular  solution 

already  investigated.  There  remains  only  the  case  in  which 
the  equation  (10)  is  satisfied  by  a constant  value  of  c. 

Let  then  the  equation  (10)  be  satisfied  by  c = a.  The  most 
general  assumption  we  can  make  respecting  the  form  of  its 
first  member  is  the  following,  viz. 

j^Ogf  = *(<>)  *(*,<>), 
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where  <f>(c)  is  a function  of  c which  becomes  infinite  when  c 
assumes  the  constant  value  in  question,  and  ^(x,  c ) becomes 
neither  0 nor  infinite  for  such  value.  Hence  the  most  general 

form  of  log  ^ is 


log  ^r  = f<f>  (c)  y[r(x,  c)  dx  = <f>  { c ) Jyjr  {x,  c ) dx. 


To  give  to  this  expression  the  utmost  generality,  we  must, 
on  effecting  the  integration  with  respect  to  x,  add  an  arbitrary 
tunction  of  c.  Thus  we  shall  have 


l°g  ■£  = <t>  (c)  c)dx  + x («)]• 


Therefore  ^ = e*(c)  {mx'  c)d*+  x(c)J, 

ac  ' 


or,  representing  the  function  f^[x,  c)dx  + %(c)  by  <t(ar,  c), 


dc~€ 


(11). 


This  is  the  most  general  form  of  ^ , as  determined  from 

ac 


the  primitive,  which  is  consistent  with  the  hypothesis  that 
~ log  becomes  infinite  for  a constant  value  of  c.  Ac- 
cordingly if,  supposing  the  primitive  to  be  given,  we  sought 
o determine  the  singular  solution  by  the  condition  ^ = 0, 
we  should  be  led  to  an  equation  of  the  form 


€^(c)4>(x,c)_q^ 


or  <f>  (c)  <t>  (x,  c)  = — co (12). 

Now  this  equation  is  not  satisfied  by  any  value  of  c which 
makes  <f)  (c)  infinite,  unless  it  give  to  ® (x,  c)  an  opposite  sign 
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to  that  of  <f>  ( c ).  But  this  indicates  in  general  the  existence 
of  a relation  between  x and  c.  Thus  suppose 

<j>  (c)  = c,  <t>  (x,  c)  — x. 

Then  (12)  becomes 

cx  = — co, 


which  demands  that  c should  receive  the  value  — oo  or  + oo 
according  as  a;  is  positive  or  negative.  In  either  case  c is 
constant,  but  it  is  a dependent  constant — dependent  for  its 

sign  upon  the  sign  of  x.  Thus  the  condition  ^ = oo  may 

indicate  the  existence  of  a species  of  singular  solution  derived 
from  the  complete  primitive  by  regarding  c,  not  as  a conti- 
nuous function  of  x,  but  as  a discontinuous  constant,  the  law 
of  its  discontinuity  being  however  such  as  to  connect  it  with 
the  variations  of  x. 


Ex.  2.  Given 

r x 


Here  we  find 


dp  _ 1 
dy  x 


(1  + log  y) (13), 


which  is  infinite  if  y = 0.  And  this  proves  on  trial  to  be  a 
solution  of  the  differential  equation,  the  true  value  of  the 
indeterminate  function  in  the  second  member  when  y — 0 
being  0 (Todhunter’s  Diff.  Cal.  p.  123).  Now  the  complete 

{irimitive  is  y = ea.  Hence  we  see  that  y = 0 is  not  a particu- 
ar  integral  in  the  strict  sense  of  that  term.  The  value  to  be 
assigned  to  c is  not  wholly  independent  of  x.  We  may  there- 
fore regard  y=0  as  a singular  solution  satisfying  the  condition 

dy 


9.  We  have  said  that,  in  general,  the  equation  (12)  in- 
dicates the  existence  of  a relation  between  x and  c.  A case 
of  exception  however  exists.  Representing  <f>  (c)  by  C,  sup- 
pose (a?,  c),  expressed  in  terms  of  x and  C,  to  be  capable  of 
development  in  descending  powers  of  C : suppose,  too,  that 
B.D.  E.  11 
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the  first  term  of  the  development  is  of  the  form  A GT,  where 
A is  constant  and  r > — 1.  Then  as  C approaches  infinity, 
(12)  tends  to  assume  the  form 

= - oo, 


indicating  that  C,  and  therefore  c,  possesses  more  than  one 
value,  real  or  imaginary. 


Here,  then,  the  condition  ~ = co 

dy 


would  accompany  a solution  possessing  this  singularity,  viz. 
that  it  corresponds  to  a multiple  value  of  c,  the  arbitrary 
constant  in  the  complete  primitive.  It  is  in  fact  a species  of 
multiple  particular  integral. 


Ex.  3.  Given  p1  —pxy  +y*  log  y — 0. 


Here 


P 


xy  ±y  \/(a?-4logy) 

2 * 


dp  x ± \f  [pd  — 4 log  y)  _*  1 

dy~  2 +V(y-4log  y) 


(14), 


and  this  is  satisfied  by  y = 0 and  by  a;*  — 4 logy  = 0,  that  is 
by  y = 0,  y = e7. 


Both  these  satisfy  the  differential  equation,  and  the  second  is 
obviously  a singular  solution.  To  determine  the  nature  of 
the  first  let  it  be  observed  that  the  complete  primitive  is 

y = d*-*, 


and  that  this  reduces  to  y = 0,  irrespectively  of  the  value  of  x, 
by  the'  assumptions  c = + oo  and  c = — oo  . Now  this  is  the 
only  case  in  which  two  particular  integrals  agree.  We  might 
in  any  case,  by  changing  in  the  complete  primitive  of  an 
equation  c into  ca,  get  two  values  of  c for  a particular  integral, 
but  then  it  would  be  for  every  particular  integral.  It  is  only 

when  the  property  is  singular , that  the  condition  ^ = oo  is 

satisfied. 
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It  is  obvious  that  one  negative  feature  marks  all  the  cases 

in  which  a solution  involving  y satisfies  the  condition  J^=co . 

It  is,  that  the  solution,  while  expressed  by  a single  equation, 
is  not  connected  with  the  complete  primitive  by  a single 
and  absolutely  constant  value  of  c.  In  the  first,  or  as  it 
might  be  termed  envelope  species  of  singular  solutions,  c re- 
ceives an  infinite  number  of  different  values  connected  with 
the  values  of  a;  by  a law.  In  the  second  it  receives  a finite 
number  of  values  also  connected  with  the  values  of  a?  by  a 
law.  In  the  third  species  it  receives  a finite  number  of  values, 
determinate,  but  not  connected  with  the  values  of  x. 

If  we  observe  that  all  the  above  cases,  while  agreeing  in 
the  point  which  has  been  noted,  possess  true  singmarity,  we 
shall  be  led  to  the  following  definition. 


Definition.  A singular  solution  of  a differential  equation 
of  the  first  order  is  a solution,  the  connexion  of  which  with 
the  complete  primitive  does  not  consist  in  the  giving  to  c of 
a single  constant  value  absolutely  independent  of  the  value 
of  x. 


Criterion  of  species. 

10.  It  is  a question  of  some  interest  to  determine  whether 
a given  singular  solution,  u = 0,  of  a differential  equation,  is 
of  the  envelope  species  or  not. 

On  the  particular  hypotheses  assumed  in  Art.  7,  it  is  shewn 
that  singular  solutions  of  the  envelope  species  possess  the  fol- 
lowing character,  viz.  if  u=  0 be  such  a solution,  then  Jr 

becomes  infinite  through  containing  a term  in  which  u is 
presented  under  a negative  index. 

Now  inquiries  which  are  scarcely  of  a sufficiently  elemen- 
tary character  to  find  a place  in  this  work,  indicate  (with  very 
high  probability)  that  this  character  is  universal  and  indepen- 
dent of  any  particular  hypothesis,  and  that  it  constitutes  a 
criterion  for  distinguishing  solutions  of  the  envelope  species 
from  others. 

11—2 


Digitized  by  Google 


164 


CRITERION  OF  SPECIES. 


As  an  example  of  an  hypothesis  different  from  that  of 
Art.  7,  let  us  suppose 

dy_ Q 

dc  log  (c  — X)  * 
which  vanishes  when  c — x. 

We  find 

dQ  dX 

d , dy  dx  , dx 

The  second  term  in  the  right-hand  member  becomes  inde- 
terminate when  c=X,  but  its  true  value  is  co  , and  it  assumes 
thi3  value  in  consequence  of  c—X  presenting  itself  with  a 

negative  index.  We  remark  that  the  fraction  18 

one  which  vanishes  with  c — X in  whatever  manner  c—X  ap- 
proaches to  0, — a consideration  which  is  quite  of  essential 
importance. 

Applying  the  above  criterion  to  some  of  the  previous  ex- 
amples, we  see  from  the  form  of  ^ in  Ex.  1 , Art.  7 , that  the 

singular  solution  belongs  to  the  envelope  species;  in  (13) 
Art.  8,  it  is  implied  that  the  solution  is  not  of  that  species ; 
in  (14)  Art.  9 two  species  are  indicated,  the  solution  y = 0 
resulting  from  logy  = — oo  being  not  of  the  envelope  species, 
while  the  other  solution  is  of  that  species. 


11.  The  collected  results  of  the  above  analysis  are  con- 
tained in  the  following  theorem. 


Theorem.  The  singular  solutions  of  a differential  equation 
of  the  first  order  (Den  Art.  9)  consist  of  all  relations  which 
belong  to  one  or  both  of  the  following  classes,  viz. 


1st.  Relations  involving  y,  with  or  without  x,  which  make 
infinite  and  only  infinite,  and  satisfy  the  differential  equation. 

U 
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2nd.  Relations  involving  x,  with  or  without  y,  which  make 
Rx  (~)  **• fin^  and  only  infinite,  and  satisfy  the  differential 
equation. 


When  a solution  as  above  defined  is  actually  obtained  by 
equating  to  0 a factor  which  appears  under  a negative  index  in 
dp  d 
dy  °T  dx  ^ 

to  the  envelope  species  of  singular  solutions.  In  other  cases  it  is 
deducible  from  the  complete  primitive  by  regarding  c as  a con- 
stant of  multiple  value, — its  particular  values  being  either  lai 
dependent  in  some  way  on  the  value  of  x,  or  2ndly  independent 
of  x,  but  still  such  as  to  render  the  property  a singular  one. 


the  expression  of 


0 


-J  it  may  be  considered  to  belong 


We  may  add  that  there  exist  cases  in  which  the  characters 
of  different  species  of  solutions  seem  to  he  blended  together. 

Thus  ^ may  admit  of  both  a finite  and  an  infinite  value, 

indicating  a duplex  genesis  of  the  solution  from  the  complete 
primitive.  It  may  also  happen  that  the  assumption  of  an 

infinite  value  by  ^ may  be  attributed,  indifferently,  either  to 

a negative  index  or  to  a logarithm.  And  then  it  should  be 
inquired  whether  or  not  the  solution  is  of  the  envelope  species, 
but  marked  with  some  peculiarity  arising  from  a breach  of 
continuity  in  the  mode  of  its  derivation  from  the  complete 
primitive. 

The  following  examples  are  intended  to  elucidate  particular 
points  either  of  theory  or  of  method. 

Ex.  1.  Given  (!  + *■)  (g)’-  ixy  & + / - 1 = 0. 


This  equation,  first  discussed  in  Brooke  Taylor’s  Methodus 
Incrementorum,  is  remarkable  as  having  afforded  the  earliest 
instance  of  the  actual  deduction  of  a singular  solution  from  a 
differential  equation  (Lagrange,  Calcul  des  Fonctions,  p.  276). 
We  shall  first  explain  Taylor’s  procedure,  and  afterwards 
apply  the  above  general  Theorem. 
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Taylor  differentiates  the  equation,  and  finding 

{2<1+^®-2a3'}S=0’ 

resolves  this  into  the  two  equations 


(l+a^) 


’ dj? 


dx 


(1). 


The  second  of  these  gives  y = ax  + i,  which  satisfies  the 
differential  equation  provided  that  5 = V(1  — a*).  Thus  the 
complete  primitive  is 

y = ax  + V(1  — «*)• 

dv 

The  first  equation  of  (1)  gives,  on  eliminating  by  means 

of  the  differential  equation, 

/ = a?  + l, 

and  this  he  terms  the  singular  solution,  (. singularis  quatdam 
aolutio  problematis). 

To  apply  to  this  example  the  general  method,  we  find 

ary  ± V(®*-y  + l) 
r-  **+i 


Hence, 


dp 

dy~  a? 


Tif  + 


y 

V(af-y+l) 


}• 


Introducing  the  condition  ^ = co  , we  should  apparently 
have  the  equations 

a?  — y2  + 1 = 0, 

£C*  +1  = 0, 


but  of  the  second  of  these,  as  it  does  not  involve  y in  its 
expression,  no  account  is  to  be  taken.  The  first  making 

~ infinite  whether  the  upper  or  the  lower  sign  be  taken,  and 

satisfying  the  differential  equation,  is  a singular  solution. 
Again,  as  also  it  is  derived  from  the  vanishing  of  a function 
under  a negative  index,  it  belongs  to  the  envelope  species. 
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We  may  add  that  it  might  be  found  but  less  readily  from  the 


condition 


s©=eo- 


The  following  example  is  intended  to  illustrate  the  use  of 
the  latter  condition. 

Ex.  2.  Given  ^ = af*. 

ax 

Hence,  Bince  p = af",  the  condition  ^ = oo  cannot  be 

dy 

satisfied. 

The  condition  Jr  = oo  gives 
nx*~l  — co , 


and  this  is  satisfied  by  a;  = 0 if  n be  less  than  1,  but  is  not 
satisfied  by  x = 0 if  « be  equal  to  or  greater  than  1. 

Now  the  differential  equation  is  satisfied  by  x = 0,  whatever 
positive  value  we  give  to  n,  as  may  be  seen  by  expressing  it 

in  the  form  — xn.  We  conclude  therefore  that  x = 0,  is  a 
dy 

singular  solution  of  the  proposed  equation  if  n be  positive  and 
less  than  1,  but  a particular  integral  if  n be  equal  to  or  greater 
than  1.  We  infer  too  that  the  solution,  when  singular,  belongs 
to  the  envelope  species. 

In  verification,  it  may  be  observed  that,  if  n be  not  equal 
to  1,  the  complete  primitive  is 

af"* 


y = 


1 — n 


c, 


or 


x=  {(i-»)  (y-c)}1 


Now  if  n is  less  than  1,  the  index  in  the  second  member  is 
positive,  and  we  cannot  have  x = 0 unless  the  quantity  under 
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the  index  he  made  equal  to  0.  But  this  would  give  c — y. 
Hence,  * = 0 is  a singular  solution. 

If  n he  greater  than  1,  the  index  in  the  second  member 
being  negative  we  cannot  have  x — 0 unless  the  quantity 
under  the  index  becomes  infinite.  But  this  it  does  if  c is 
infinite.  Here  then  x = 0 is  a particular  integral. 


If  n he  equal  to  1,  the  complete  primitive  is 

x = c&, 

and  this  is  reduced  to  x = 0 by  the  assumption  c = 0.  Here 
then  also  x = 0 is  a particular  integral. 


The  following  example  is  intended  to  illustrate  a class  of 
problems  in  which  ^ admits  of  both  a finite  and  an  infinite 
value. 


Ex.  3.  Given  pa  — 2xyip  + 4 y*  = 0. 

Here  we  find 

p = xyi±  V(afy  -4 y')  (1). 

Therefore 

d P-  1 L i \ (2) 

dy  2y*f±V(*’-4y*)j 

and  this  apparently  becomes  infinite  when  y —0,  and  when 
x*  — 4 yk  = 0,  i.  e.  for 


y = 0,  y = 


x 

16 


Let  us  inquire  what  are  the  true  values  of  ^ 


•C 

1st.  If  y = — , we  find,  on  substitution  and  reduction, 


^ = + JL.) 

dy  a?KX±  0 ' ’ 
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which  becomes  infinite  whichsoever  sign  be  taken.  Hence, 


•C  . • • , • 

y = — is  a singular  solution ; and,  from  the  mode  of  its  origin, 
16 

it  is  of  the  envelope  species. 

2ndly.  If  y = 0,  the  value  of  ~~  in  (2)  becomes  infinite  if 

the  upper  sign  be  taken,  but  assumes  the  ambiguous  form  if 
the  lower  sign  be  taken.  To  determine  its  true  value,  we 
may  expand  the  fraction  in  ascending  powers  of  yi. 

We  thus  find 


which,  as  before,  gives  ~ =<x>  when,  taking  the  upper  sign, 

ay 

we  make  y = 0,  but  on  taking  the  lower  sign  gives 
dy  2 y'\x  + 7 

= — + terms  containing  positive  powers  of  y. 
cc 

2 

And  this  expression,  on  making  y = 0,  assumes  the  value  - . 

CC 


These  results  lead  us  to  infer  that  the  solution  y = 0, 
originates  in  two  distinct  ways  from  the  primitive,  which  is  in 
this  case  y — c*  (x  — c)\  It  is  evident  that  this  is  reduced  to 
y — 0,  by  either  of  the  assumptions  c = 0 and  c = x.  Hence 
the  solution  y = 0 is  a particular  integral. 

At  the  same  time  it  is  to  be  noted  that  this  solution  pos- 
sesses all  the  geometrical  properties  of  a singular  solution. 
The  complete  primitive  represents  an  infinite  system  of  para- 
bolas whose  axes  are  parallel  to  the  axis  of  y, — whose  vertices 
all  touch  the  axis,  of  x which  thus  constitutes  a branch  of 
their  complete  envelope,  — and  of  whose  parameters  each  is 
inversely  as  the  square  of  the  distance  of  the  corresponding 


Digitized  by  Google 


170  EXAMPLES  OF  SINGULAR  SOLUTIONS. 

vertex  from  the  origin  of  coordinates.  The  nearer  any  par- 
ticular vertex  is  to  the  origin,  the  more  does  the  curve  to 
which  it  belongs  approach  to  a straight  line ; and  the  curve, 
if  we  may  continue  thus  to  speak,  whose  vertex  is  at  the 
origin  coincides  with  the  axis  of  x which  is  the  envelope  of 
the  series.  It  might  in  a certain  real  sense  be  said  that  the 
particular  and  the  general  are  here  united. 

The  following  example  shews,  though  by  no  means  in  the 
most  extreme  case,  how  slight  may  be  the  difference  between 
a singular  solution  and  a particular  integral. 

Ex.  4.  Given  x^.—y  (log x + log y — 1). 


Representing  ^ by  p,  we  have 


V (log  x + log  y — \) 

P~  x 


and  this  becomes  infinite,  1st,  if  y = 0,  2ndly,  if  y = oo  , 
3rdly,  if  x = 0. 


The  first  only  of  these  satisfies  the  differential  equation, 
the  assumption  y = 0 reducing  the  indeterminate  function  y 
log  y in  the  second  member  to  0 (Todhunter’s  Differential 
Calculus,  p.  115).  We  conclude,  that  y = 0 is  a singular 
solution,  but  from  the  nature  of  its  origin  not  of  the  envelope 
species. 


Now  the  complete  primitive  is  y = — , and,  judging  from 


x 


this,  it  might  at  first  sight  seem  as  if  y = 0 were  a particular 
integral  corresponding  to  c = — oo  . We  remark  however  that 
the  primitive  is  not  reduced  to  y = 0,  by  the  assumption 
c = — oo  , unless  x be  positive.  If  x is  negative  we  must  make 
c — + oo  to  effect  that  reduction.  In  fact,  the  value  of  c which 
reduces  the  complete  primitive  to  the  form  y — 0,  though  in- 
dependent of  x in  all  other  respects,  is  dependent  upon  x for 
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its  sign,  which  must  always  he  opposite  to  the  sign  of  x.  And 
this  connexion,  slight  as  it  is,  determines  the  character  of  the 
solution. 

The  following  example  illustrates  a mode  of  procedure 
which  may  he  adopted  when  ^ presents  itself  in  the  am- 
biguous form  , while  the  differential  equation  cannot  readily 
he  solved  with  respect  to  p. 

Ex.  5.  Given  j?3  — 4 xyp  + = 0. 

Differentiating  with  respect  to  y and  jp,  we  find 

dp  4xp- 16 y ^ 

dy  3jp*  — 4 xy 

Equating  to  0 the  denominator,  wo  have  p = » an^’ 

substituting  this  value  in  the  differential  equation,  we  obtain 
a result  resolvable  into  the  following  equations,  viz. 


y = mx*>  y=0 


(2), 


either  of  which  satisfies  the  differential  equation.  On  substi- 
tution in  (1),  the  former  of  these  values  of  y makes  ^ infinite, 
and  is  evidently  a singular  solution.  The  latter  value  of  y 

reduces  ^ to  the  form  r • 
dy  0 

To  determine  the  real  value  or  values  of  ^ when  y = 0,  we 

dy 

must  obtain  from  the  differential  equation,  regarded  as  a cubic 
with  respect  to  p,  the  three  expressions  for  that  quantity  in 
ascending  powers  of  y,  substitute  them  in  the  second  member 
of  (1),  and  then  after  reduction  make  y = 0. 

It  will  somewhat  simplify  the  process  if  we  transform  the 
expressions  by  assuming  p = 2 ty*.  We  shall  have 

dp  _ 2 xt  — 4y* 

dy  3<V-  4 xy* ’ 
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while  the  differential  equation  will  become 

f — xt  + yi  = 0 

which,  expressed  in  the  form 

X X 

gives,  by  Lagrange’s  theorem, 

x x 


(4), 


Substituting  in  (3),  and  retaining  those  terms  only  which 
contain  the  lowest  power  of  y,  we  have 

dp  —2 y*  _ 1 

dy~  — 4 xy*  ‘ix  ’ 


Such  is  the  value  of  ^ corresponding  to  the  value  of  t which 
is  given  by  Lagrange’s  theorem. 


That  value  of  t vanishes  with  y.  Its  other  values  do  not 
vanish  with  y,  but  approach  the  limits  + xi  as  y approaches 
to  0 ; for  if  in  (4)  we  make  y = 0,  we  find  0 and  + a;*  for  the 
corresponding  values  of  t.  Now  if  in  (3)  we  make  y — 0, 
t = + njx,  we  have 

= 00  . v 

From  these  results  combined  we  infer  thaty  = 0 is  a par- 
ticular integral,  possessing  the  geometrical  characters  of  a 
singular  solution.  It  originates  in  fact  from  the  complete 
primitive  y — c[x  — c)s,  either  by  making  c = 0 or  c = x.  And 
that  primitive,  like  the  primitiye  of  Ex.  3,  represents  a system 
of  parabolas  enveloped  by  one  of  their  own  number,  only  with 
a different  relation  of  magnitude  and  position. 


dp 

dy 


Setting  out  from  the  primitive  we  find 

d i dy  _ 1 1 

dx  dc  x — c x — Sc’ 
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This  expression  becomes  infinite  when  c=  - corresponding  to 

O 

the  singular  solution  y = ^a;*.  It  becomes  infinite  when  c —x, 

2 

and  assumes  the  value  - when  c = 0, — these  cases  belonging 
to  the  particular  integral  y = 0.  All  these  determinations  agree 
with  those  of  obtained  from  the  differential  equation. 

The  following  is  an  example  of  a special  geometrical  pro- 
blem generalized. 


Ex.  6.  Determine  a curve  such,  that  the  area  intercepted 
between  its  tangent  and  the  rectangular  coordinate  axes  shall 

be  constant  and  equal  to  ^ . 

A 


The  supposed  area  is  a right-angled  triangle  whose  base  and 
perpendicular,  being  the  intercepts  cut  off  by  the  tangents  from 

the  coordinate  axes,  are  expressed  by  * — - , and  y — xp 

respectively.  We  have  therefore 

(y-xp)  (as— J )=«*. 


Proceeding  in  the  usual  way  the  singular  solution  will  be 
found  to  be 


xy  = - 


representing  an  hyperbola,  while  the  complete  primitive  repre- 
sents the  series  of  tangents  by  whose  successive  intersection 
the  curve  is  generated. 

To  generalize  the  above  problem  we  might  suppose  a func- 
tional relation  given  between  the  intercepts.  The  differential 
equation  would,  assume  the  form 

y-xp=f(x-£). 
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Its  complete  primitive  would  always  be  determinable  by  the 

method  of  Art.  9,  Chap.  vil.  Or,  since  x — - = — - — — , it  is 

P . V 

easily  seen  that  the  equation  is  reducible  to  Clairaut  s form 

y-xp  = <f>(p). 

The  singular  solution  may  then  be  found  either  as  in 
~’.ap.  VII.,  or  by  the  direct  application  of  the  condition 

= 00  . 

Geometrical  problems  which  are  of  a truly  symmetrical 
character  frequently  admit  of  this  kind  of  generalization. 

Remarks  on  the  foregoing  theory. 

12.  As  the  theory  of  the  tests  of  singular  solutions  which 
has  been  developed  m this  chapter  differs  in  many  material 
respects  from  any  that  have  been  given  before,  it  is  proper  to 
shew  in  what  its  peculiarity  consists.  To  this  end  it  will  be 
necessary  briefly  to  sketch  the  history  of  this  portion  of 
analysis. 

Leibnitz  in  1694,  Taylor  in  1715,  (see  Ex.  1,  Art.  11),  and 
Clairaut  in  1734,  had  in  special  problems,  and  Euler  in  1756 
had  in  a distinct  memoir  entitled  Exposition  de  quelques  Para- 
doxes du  Calcul  Integral,  examined,  more  or  less  deeply, 
various  questions  connected  with  the  singular  solutions  of 
differential  equations.  Taylor  in  particular  had  first  recog- 
nised the  distinctive  character  of  such  solutions  as  set  forth  in 
their  definition.  The  problem  of  the  deduction  of  the  singular 
solution  from  the  differential  equation  seems  however  to  have 
been  first  considered  in  its  general  form  by  Laplace.  The 
same  problem  was  subsequently  investigated  in  a different 
manner  by  Lagrange,  and  again  in  a still  different  way  by 
Cauchy.  The  state  of  the  theory  up  to  the  present  time  will 
be  adequately  represented  by  a summary  of  the  results  to 
which  these  several  investigations  have  led. 

1st.  Laplace  ( Mimoires  de  V Academic  des  Sciences,  1772), 
employing  the  method  of  expansions,  arrived  at  results  which 
agree,  so  far  as  they  go,  with  those  of  this  chapter.  They 


dp 

dy 
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apply  only  to  the  envelope  species  of  solutions,  and  the  demon- 
strations of  them  rest  essentially  on  the  hypothesis  expressed 
in  (6),  Art.  7. 

Lagrange,  with  whom  originated  a more  fundamental  idea 
of  the  method  of  the  inquiry,  was  led  to  the  less  exact  criteria 


dp 

~dy 


=GO 


» 


( Calcul  des  Fonctions,  Lemons  xiv — xvii.) 

Cauchy,  whose  method  was  founded  on  the  study  of  the 
cases  of  failure  of  certain  processes  for  obtaining  the  complete 
primitive  in  the  form  of  a series,  was  led  to  the  conclusion 
that  a singular  solution  must  satisfy  one  of  the  two  following 
conditions,  viz. 

dp  _ 0 dp  _ 

dy  O’  dy  ’ 


together  with  a certain  further  condition,  the  application  of 
which  depends  upon  a process  of  integration  (Moigno,  Calcul, 
Yol.  II.  p.  435). 


Upon  these  results  the  following  observations  may  be  made, 
1st.  Although  Laplace  recognised  the  necessity  of  employ- 


ing in  certain  cases  the  condition  -j-  (— ) = 

° dx  \pj 

subsequent  writers  who  have  employed  his  method  seem  to 

have  invariably  omitted  this  qualification. 


for^  = 
dy 


2ndly.  The  supposed  criterion  <~  = <x> , introduced  by  La- 
grange, and  since  very  generally  adopted,  as  the  proper  accom- 
paniment of  = 00  > *8  erroneous.  If  we  should  apply  it  to 

Ex.  2,  Art.  11,  viz ,p  = x~*,  we  should  be  led  to  the  conclusion 
that  * =0  is  a singular  solution  whenever  n is  positive.  We 
have  seen  however,  both  from  the  application  ot  the  true  test, 
and  by  verification  from  the  complete  primitive,  that  x = 0 is 
a singular  solution  only  when  n is  less  than  1. 
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The  principle  of  Lagrange’s  method  was  the  same  as  that 
adopted  in  the  present  chapter,  and  consisted  in  expressing  ™ 

and  as  derived  from  the  differential  equation,  by  means  of 

differential  coefficients  derived  from  the  complete  primitive 
before  the  elimination  of  c.  The  fallacy  which  vitiated  his 
results  consisted  in  assuming  that  these  expressions  become 
infinite  in  consequence  of  the  appearance  of  a vanishing  factor 
in  their  denominators  ( Calcut  des  Fonctions,  pp.  229,  232). 
Moigno,  the  expositor  of  Cauchy’s  views,  also  quotes  La- 
grange’s method  and  results  as  presented  by  Caraffa,  but 
without  involving  any  essential  variation  (Calcul,  Tom.  II. 
p.  719).  Professor  de  Morgan,  in  perhaps  the  latest  publi- 
cation on  the  subject,  adopts  Lagrange’s  results,  expressing, 
however,  only  a qualified  confidence  in  his  method  ( Cam- 
bridge Philosophical  Transactions,  V ol.  IX.  Pt.  II.  * On  some 
points  of  the  Integral  Calculus”).  And  he  illustrates  these 
results  by  geometrical  considerations  which  are  sufficient  to 
shew  that  they  contain  at  least  a considerable  element  of 
truth.  Nor  should  this  be  thought  surprising.  For  it  is  plain. 

that  Lagrange’s  condition  ^ = oo , and  the  true  condition 


are  equivalent,  except  when  the  singular  solu- 


tion  makes  p assume  one  of  the  forms  0 and  oo . And  such 
cases  do  exist.  Perhaps  the  peculiar  difficulty  of  this  subject 
has  consisted  in  the  faint  and  shadowy  character  of  the  line  by 
which  truth  and  error  are  separated. 

13.  Of  Cauchy’s  tests  the  first,  viz.  ^-  = ^ , may  certainly 


be  set  aside. 


dp 


Whenever  ^ assumes  an  ambiguous  form  its 


true  value  or  values  must  be  determined.  This  is  illustrated 
in  some  of  the  foregoing  examples.  Professor  De  Morgan’s 
observations  on  this  subject  in  the  memoir  above  referred  to, 
are  deserving  of  attention.  The  final  criterion,  which  is  peculiar 
to  Cauchy’s  theory,  seems  to  be  founded  upon  what  we  cannot 
but  regard  as  an  unauthorized  position  as  to  the  meaning  of 
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a singular  solution.  Thus  y = 0,  the  solution  deduced  "by  the 
criterion  ^ = oo  from  the  differential 

dy 

regarded  by  Cauchy  as  a particular  integral.  Now  although 
when  x is  real  the  complete  primitive  log  y = cex  reduces  to 
y = 0 by  the  assumption  c = — co  , it  does  not  necessarily  do  so 
when  x is  imaginary.  Thus,  if  x — ir «/(—  1),  we  must  make 
c = co  , in  order  to  give  y = 0.  Cauchy’s  rule  seems  indeed 
to  have  been  designed,  contrary  to  the  general  spirit  of  his 
own  writings,  to  exclude  the  consideration  of  imaginary 
values. 


equation  p = y log  y,  is 


Properties  of  Singular  Solutions, 

14.  Various  properties  of  singular  solutions  of  the  envelope 
species  have  been  demonstrated.  Of  these  we  shall  notice  the 
most  important. 

1st.  An  exact  differential  equation  does  not  admit  of  a singu- 
lar solution. 

Let  the  supposed  equation  be 

d<f>(x,y)  , dxf>(x,y)dy  m 

dx  + dy  dx~ 

and  let  y=f{x)  be  a relation  actually  satisfying  it  and 
assumed  to  be  singular.  On  this  assumption  the  primitive 
<f>  (x,  y)  = c must,  on  substituting  for  y its  value  f(x),  determine 
c as  a function  of  x and  not  a constant.  Let  F (x)  be  the  value 
of  c thus  determined,  then  (f>  (x,  y)  = F (x)  whence 


•(2), 


d<f>  ( x , y)  <fy  (x,  y)  dy  _ dF  (x) 
dx  dy  dx  dx 

dF(x) 

which  contradicts  (1),  since  — ~ ; cannot  be  permanently 
equal  to  0,  unless  F(x)  is  constant. 


2ndly.  It  follows  directly  from  the  above  that  a singular  solution 
of  a differential  equation  of  the  first  order  and  degree , makes  its 


integrating  factors  infinite. 

For  let  the  proposed  equation  be 

Mdx  + Ndy  — 0 (3), 

B.  D.  E.  12 
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and  let  fi' be  an  integrating  factor.  Then 

fi  (Mdx  + Ndy)  = 0 (4), 

will  be  an  exact  differential  equation.  Hence,  a singular 
solution  of  (3),  while  it  makes  the  first  member  of  that 
equation  to  vanish,  will  not  make  the  first  member  of  (4)  to 
vanish.  Now  comparing  these  members,  this  can  only  be 
through  its  making  p.  infinite. 

dx 

singular  solution  ad  + ff  = <d.  An  integrating  factor  is 

.(tf+y— «r*f 

and  this  the  singular  solution  evidently  makes  infinite.  Mul- 
tiplying the  equation  by  its  integrating  factor  and  transposing 
we  have  the  exact  differential  equation 

dy 

X + »di  dy 

V {pd  + y*  — <d)  dx  ’ 

or 

and  this  is  not  satisfied  by  x?+ya  = aa,  the  singular  solution 
of  the  unrestricted  differential  equation. 

3rdly.  Even  when  we  are  unable  to  discover  its  integrating 
factor , a differential  equation  may  be  so  •prepared  as  to  cease  to 
admit  of  a given  singular  solution  of  the  envelope  species. 

This  proposition  is  due  to  Poisson,  and  the  following 
demonstration,  which  is  purposely  given  in  order  to  illustrate 
the  nature  of  the  assumption  usually  employed  in  the  theory 
of  singular  solutions,  does  not  essentially  differ  from  his. 

Let  us  represent  the  singular  solution  by  u = 0,  and  trans- 
form the  differential  equation  by  assuming  u and  x as  variables 
in  place  of  y and  x.  Suppose  the  new  equation  reduced  to 
the  form 

p=f(x,u) (5), 

where  p stands  for  . 

dx 


V ( [x * + y*  — a*)  has  for  its 


Ex.  The  equation  x+y  ^ 
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This  equation  is  either  satisfied  or  not  satisfied  by  u = 0. 

If  it  is  not  satisfiedj  the  preparation  in  question  has  already 
been  effected. 

If  it  is  satisfied,  the  second  member /(a;,  u)  contains  some 
positive  power  of  u as  a factor.  Assuming  that  it  can  be 
developed  in  ascending  positive  powers  of  u it  becomes 

p — Au “ + BuP  + . . . + &c. 
when  A,  B,  G,  &c.  are  functions  of  x. 

Now,  for  a singular  solution  = oo . Hence  u = 0 must 
render 

A<xu~^  + Bfiu1*-1  + &c.  = co . 


But  this  demands  that  there  should  exist  at  least  one 
negative  power  of  u in  the  above  development;  therefore 
a — 1,  which  is  the  lowest  index,  must  be  negative;  therefore 
a being  already  positive  must  fall  between  0 and  1. 

Hence  we  are  permitted  to  express  the  differential  equation 
in  the  form 

p = Qum, 

where  a is  a positive  fraction,  and  Q does  not  involve  u either 
as  a factor  or  as  a divisor. 


Dividing  by  ua,  we  have 


-adu  n 


or 


1 d 

j-u 

1 — o dx 


= Q. 


Now  ii  — O makes  w1-a  = 0,  since  1 — a is  positive.  Hence 
the  first  member  of  the  above  equation  vanishes,  while  the 
second,  not  containing  u as  a factor,  does  not  vanish.  In  its 
present  form  then  the  equation  is  no  longer  satisfied  by  u = 0. 

We  see  also  that  the  property  of  being  satisfied  by  u = 0 
has  been  lost  in  consequence  of  a transformation  which, 

12—2 
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exhibiting  the  singular  solution  in  the  form  of  a distinct  alge- 
braic factor  of  the  equation,  permitted  its  rejection.  See  Art.  1. 
It  has  been  shewn  in  the  remarks  on  Clairaut’s  equation  how, 
in  the  process  of  ascending  by  differentiation  to  an  equation 
of  a higher  order,  a somewhat  analogous  effect  is  produced, 
the  singular  solution  seeming  to  drop  aside  under  changed 
conditions. 


4tlily.  Lagrange  has  noticed  that  a singular  solution  loill 
generally  make  the  value  of  , as  deduced  from  the  differen- 


tial equation , assume  the  ambiguous  form 


0 

O' 


His  demonstra- 


tion, in  the  statement  of  which  we  shall  endeavour  to  exhibit 
distinctly  the  assumptions  which  it  really  involves,  is  sub- 
stantially as  follows.  Let  the  differential  equation  expressed 
in  a rational  and  integral  form  be 

F(p,y,p)=Q (1), 

then  differentiating 


dF 

dx 


j dF , dF  , 

dx+djdy+dpdr=0 


(2). 


Hence 


00 


(3). 


dp  _ dF  dF 
dy  dy  ' dp 

dF  dF 

Now  F being  rational  and  integral,  ^ and  ^ are  so  also, 

and  therefore  the  above  can  only  become  infinite  for  finite 

dF 

values  of  x,  y,  and  p,  by  supposing  -j-  = 0.  This  reduces  (2) 
to  the  form 


dF  j , dF  j 

= ° (4). 

Now,  as  obtained  from  the  differential  equation, 
dfy  _ dp  ^ dp  dy 
dx*  dx  ~ dy  dx 


dF  ^ dF  dy 
dx  dy  dx 

IF  ’ 

dp 
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an  expression  which  the  previous  results  reduce  to  the  form 

We  may  remark  that  the  condition  -P-  = co  does  not  involve 

dy 

as  a consequence  dp  = co  in  (2),  so  as  to  affect  the  legitimacy 

of  the  deduction  of  (4).  For  ^ = oo  expresses  a conditional 

proposition,  whose  antecedent  is : If  x he  constant.  Now  in 
the  deduction  of  (4)  x is  not  supposed  to  be  constant. 

Lagrange’s  demonstration  is  certainly  only  applicable  to 
the  envelope  species  of  singular  solutions.  Of  such  solutions 
it  expresses  however  an  interesting  property.  For  the  dif- 
ferential equation  being  geometrically  common  both  to  the 

locus  of  the  singular  solution  and  to  the  locus  of  each  parti- 
ta y 

cular  primitive,  the  ambiguity  of  value  of  at  the  point  of 

contact  shews  that  that  contact  i3  not  generally  of  the  second 
order. 

In  like  manner,  F(x,  y,p)  still  being  supposed  rational  and 
integral,  the  equation 


■(5), 


dF  (x,  y,  p)  A 
dp 

shews  by  the  theory  of  equations  that  the  existence  of  a 
singular  solution  implies  in  general  the  existence  of  a series 

of  points  for  which  two  values  of  ^ , usually  different,  come 

to  agree,  viz.  the  values  of  ^ in  any  particular  primitive, 
and  in  the  singular  solution. 

15.  Mr  De  Morgan  has  made  the  very  interesting  remark, 

that  when  the  condition  ^=co  > or  shictness  —<x>, 

does  not  lead  to  a solution  of  the  differential  equation,  what  it 
does  lead  to  is  the  equation  of  a curve  which  constitutes  the 
locus  of  points  of  infinite  curvature  (most  commonly  cusps) 
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in  the  system  of  curves  represented  hy  the  complete  primitive 
( Transactions  of  the  Cambridge  Philosophical  Society , Vol.  IX. 
Part.  ii.).  Geometrical  illustrations  will  be  found  in  the 
memoir  referred  to. 


EXERCISES. 

1.  The  complete  primitive  of  a differential  equation  is 
y + c = d{x1+yi—ai),  where  c is  the  arbitrary  constant.  Shew 
that  the  singular  solution  is  a?  + y*  = a2,  and  that  it  may  be 
connected  with  the  primitive  by  either  of  the  equivalent  rela- 
tions c — — y and  c = V(«s  — %*)■ 


2.  Why  is  the  above  singular  solution  deducible  by  the 
application  of  either  of  the  conditions  ~ = 0,  ~ = 0 ? 

3.  Expressing  the  primitive  in  Ex.  1 in  a rational  and 
integral  form  <f>  (x,  y,  c ) = 0,  deduce  the  singular  solution  by 

Ji 

the  application  of  the  condition  = 0. 

4.  The  complete  primitive  of  a differential  equation  being 
x — a = (y  — c)2,  shew  that  the  singular  solution  is  deducible 

dec 

by  the  application  of  the  condition  = 0 but  not  by  that  of 
the  condition  ~ = 0,  and  explain  the  circumstance. 


5.  The  differential  equation,  whose  complete  primitive  is 
given  in  Ex.  1,  may  be  exhibited  in  the  form 

(a:2  — a2)  p7  — 2 xyp  — xi  = 0. 

Hence  also  deduce  its  singular  solution  and  thereby  verify 
the  previous  result. 

6.  Form  the  differential  equation  whose  complete  primitive 
is  given  in  Ex.  4,  and  shew  that  the  singular  solution  is  de- 
ducible by  the  application  of  the  condition  ^ “ = 00  n°f 
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by  that  of  the  condition 
stance. 


and  explain  this  circum- 


7.  Shew  that  the  singular  solutions  in  the  last  two  ex- 
amples are  of  the  envelope  species. 


8.  The  differential  equation  y — px  -f  — (Ex.  2,  Art.  5) 

772  ® 

has  y = cx  + — for  its  complete  primitive,  and  ;/  = 4 mx  for  its 

singular  solution.  Verify  in  this  example  the  fundamental 

relation  ~~ log  -y  . 
ay  dx  ac 


9.  Deduce  both  the  singular  solution  and  the  complete 
primitive  of  the  differential  equation  y =px  + ^(b3  + a3pa) , and 
interpret  each,  as  well  as  the  connexion  of  the  two,  geometri- 
cally. 


10.  The  following  differential  equations  admit  of  singular 
solutions  of  the  envelope  species.  Deduce  them. 

a?p*-2(xy-2)p+tf  = 0, 

(y-xp)  (mp-n)  = 0, 

y=(x—  l)p  —p*, 


11.  The  equation  (l—a?)p  + xy  — a = 0 is  satisfied  by  the 
equation  y = ax.  Is  this  a singular  solution  or  a particular 
integral  ? 


12.  The  equation  y — ^-  is  satisfied  by  y = 0,  which  also 

A 

makes  ^ = co . Nevertheless  y — 0 is  a particular  inte- 

gral. Shew  that  this  conclusion  is  in  accordance  with  the 
general  Theorem,  (Art.  11). 


13.  The  equation  p (x®—  1)  — 2xy  lojajy  has  a singular 
solution  which  is  not  of  the  envelope  species.  Determine  it. 
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14.  Determine  also  the  complete  primitive  in  the  last  ex- 
ample, and  shew  how  the  singular  solution  arises.  In  parti- 
cular shew  that  y = 0 accompanied  by  the  condition  that  x is 
real  will  be  a particular  integral. 

15.  The  equation 

{p-y)'~  2 x3y  (p-y)=  4zy  - 4a?y  log  y 

is  satisfied  by  y = 0.  Shew  that  this  is  a singular  solution 
but  not  of  the  envelope  species. 

16.  Find  singular  solutions  of  each  of  the  following  equa- 
tions, and  determine  whether  or  not  they  are  of  the  envelope 
species. 

1 . y — 2 px*  = ix*y. 

2.  xp*  — 2 yp  + ix  = 0. 

3.  xp  = n{xn  + (z  — xn)  log  (z  — *")}. 


Geometrical  Applications. 

In  solving  the  following  problems,  the  differential  equation 
being  formed,  its  complete  primitive  as  well  as  its  singular 
solution  is  to  be  found  and  interpreted. 

17.  Determine  a curve  such  that  the  sum  of  the  intercepts 
made  by  the  tangent  on  the  axes  of  co-ordinates  shall  be 
constant  and  equal  to  a. 

18.  Determine  a curve  such  that  the  portion  of  its  tangent 
intercepted  between  the  axes  of  x and  y shall  be  constant  and 
equal  to  a. 

19.  Find  a curve  always  touched  by  the  same  diameter  of 
a circle  rolling  along  a straight  line. 

20.  Find  a curve  such  that  the  product  of  the  perpendicu- 
lars from  two  fixed  points  upon  a tangent  shall  be  constant. 
.(Euler.  See  Lagrange,  Calc,  des  Fonctions,  p.  282.) 
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(Representing  the  product  by  k * and  the  distance  between 
the  given  points  by  2m,  making  the  axis  of  x coincide  with 
the  straight  line  joining  them  and  taking  for  the  origin  of 
co-ordinates  the  middle  point,  the  differential  equation  is 

\y-{x  + m)p}{y -(x-m)p)  78 

1 +p%  ~'C‘ 


Its  singular  solution  is 


y+ 


&*  + m* 


V). 


21.  Deduce  also  the  complete  primitive  of  the  above  dif- 
ferential equation. 


22.  If  the  primitive  of  a differential  equation  be  expressed 
in  the  form  <fi  ( x , y,  a ) = 0,  the  condition  = 0 may  be  ex- 
pressed in  the  form  = o.  Art.  5. 

4 da  ay 

Hence  it  has  sometimes  been  laid  down  that  ^ (a>  y>.g)  _ ^ 

dy 

will  lead  to  a singular  solution.  Raabe,  in  Crelles  Journal 
(Ueber  singular e integrate , Tom.  48),  points  out  that  this  rule 

may  fail  if  at  the  same  time  should  become  in- 

finite. Can  it  fail  in  any  other  case  ? 


23.  Exemplify  Raabe’s  observation  in  the  equation 

x + c — V(6cy  — 3c*)  = 0, 

which  is  the  complete  primitive  of  3 xp*  — 6 yjp  + x + 2y  = 0. 
At  the  same  time  shew  that  the  singular  solutions  are 

y — x = 0 and  3y  + x = 0.  (prelie,  lb .) 

24.  The  complete  primitive  of  a differential  equation  is 

(c-x+y)*  - 3 (x  + y)  (c-x  + y)*  + 1 = 0. 
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Representing  its  first  member,  which  is  rational  and  integral, 
by  <f>,  the  condition  ^ ==  0 assumes  the  form 


3 (c  — x + y)  {c—Zx  — y)  = 0. 

Shew  that  c—x+y=  0 will  not  lead  to  a solution  of  the 
differential  equation  at  all,  while  c — Sx  + y=0  will,  and 
explain  this  circumstance  by  a reference  to  Art.  4. 


Note.  The  reader  is  reminded  that  in  all  references  to  the  general  conditions 
dp  d /1\ 

~=  co  and  — = oo,  the  oo  means  simply  "infinity”  irrespectively  of  sign. 

See  General  Theorem,  Art.  1L 
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CHAPTER  IX. 

ON  DIFFERENTIAL  EQUATIONS  OF  AN  ORDER  HIGHER  THAN 

THE  FIRST. 

1.  The  typical  form  of  a differential  equation  of  the  nth 
order  is  given  in  Chap.  I.  Art.  2.  We  may,  by  solving  it 
algebraically  with  respect  to  its  highest  differential  coefficient, 
present  it  in  the  form 

£y-f(xvdi  dH)  ON 

dx*  r dx  ’ dx* ' • ■ dar1) 1 '* 

Its  genesis  from  a complete  primitive  involving  n arbitrary 
constants  has  been  explained,  Chap.  I.  Art.  8. 

Conversely,  the  existence  of  a differential  equation  of  the 
above  type  implies  the  existence  of  a primitive  involving  n 
arbitrary  constants  and  no  more ; and  a primitive  possessing 
this  character  is  termed  complete. 

The  converse  proposition  above  stated,  is  one  to  which 
various  and  distinct  modes  of  consideration  point,  but  con- 
cerning the  rigid  proof  of  which  ojpinion  has  differed.  The 
view  which  appears  the  most  fundamental  is  the  following. 
If,  as  in  Chap.  II.  Art.  1,  we  represent  by  A</>  (x)  the  incre- 
ment which  the  function  <f>  (x)  receives  when  x receives  the 
fixed  increment  Ax,  and  if  we  go  on  to  represent  by  A*<£  ( x ) the 
increment  which  the  function  A <f>  (x)  receives  when  x again 
receives  the  same  fixed  increment  Ax,  and  so  on,  then  it  is 
evident  that  the  values  of  A<£  (x),  A *<f>  (x),  &c.,  are  fully  de- 
terminable if  the  successive  values  of  the  function  <j>  (x)  in  its 
successive  states  of  increase  are  known.  Thus  since 

A<p  ( x ) = $ (x  + A*)  — <p  ( x), 
we  have  by  definition 

A!</>  (x)  = A{(f>(x  + Ax)  — 4>  (a:)} 

= {<f>  {x  + 2Ax)  — <f>(x  + Ax)}  — {<f>(x  + Ax)  — <f>  (x)} 
= (f>  (x  + 2Ax)  —2 <f>(x+  Ax)  + (f>  (x), 
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and  so  on.  Conversely  if 

A <j>{x),  A *</>(*),  &c. 

are  given,  the  successive  values  of  the  function  <f>  ( x ),  viz.  tlie 
values  (f>  (x  + Ax),  <f>  (x+  2 Ax),  &c.,  are  thereby  made  deter- 
minate. Geometrically  we  may  represent  <f)  ( x ) by  y,  the  ordi- 
nate of  a curve,  or  of  a series  of  points  in  the  plane  x,  y,  and 
therefore  functionally  connected  with  the  abscissa  x. 

Now  the  view  to  which  reference  has  been  made  is  that 
which,  1st,  presents  the  differential  equation  (1)  as  the  limiting 
form  of  the  relation  expressed  by  the  equation 

Ax'  J \ ’ **  Ax ’ Ax?'"  Ax'~l) { h 

Ax  approaching  to  0;  2ndly,  constructs  the  latter  equation 
in  geometry  (the  arithmetical  or  purely  quantitative  construc- 
tion being  therein  implied)  by  a series  of  points  on  a plane,  of 
which  the  n first,  viz.  those  which  answer  to  the  co-ordinates 
x,  x+  Ax, ... x + (n  — 1)  Ax,  have  the  corresponding  values  of 
y arbitrary,  while  for  all  the  rest  the  values  of  y are  deter- 
mined ; 3dly,  represents  the  solution  of  the  differential  equa- 
tion as  the  curve  which  the  above  series  of  points  in  their 
limiting  state  tend  to  form.  According  to  this  view,  the  n arbi- 
trary points  in  the  constructed  solution  of  the  equation  of 
differences  (2)  give  rise  to  one  arbitrary  point  in  the  limiting 
curve,  accompanied  by  n-1  arbitrary  values  for  the  first 
n — 1 differential  coefficients  of  its  ordinate.  And  this  mode 
of  consideration  appears  the  most  fundamental,  because  it 
assumes  no  more  than  the  definition  itself  demands  of  us 
when  we  attempt  to  realize  the  geometrical  meaning  of  a 
differential  coefficient  as  a limit.  We  may  however  add  that 
when  by  the  consideration  of  the  limit,  the  mere  existence  of 
a primitive  has  been  established,  other  considerations  would 
suffice  to  shew  that  in  its  complete  form  it  will  involve  n 
arbitrary  constants  and  no  more.  The  fact  that  each  inte- 
gration introduces  a single  constant  is  a direct  indication  of 
the  fact.  An  indirect  proof  of  a more  formal  character  will  be 
found  in  a memoir  by  Professor  de  Morgan  ( Transactions 
of  the  Cambridge  Philosophical  Society,  Vol.  ix.  Pt.  n.) 
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The  above  theory  may  be  illustrated  by  the  form  in  which 
Taylor’s  Theorem  enables  us  to  present  the  solution  of  a 
differential  equation  of  the  na  order,  as  will  be  seen  in  the 
following  Article. 


Solution  by  development  in  a series. 

2.  Reducing  the  proposed  equation  to  the  form 

dx*  J\  'y,dx"'dtf-1) [)> 

and  differentiating  with  respect  to  x,  the  first  member  becomes 

d*+1y 

, while  the  second  member  will  in  general  involve  all  the 


d”y 


If  for  the  last  we  sub- 


differential  coefficients  of  y up  to 

stitute  its  value  given  in  (3),  the  equation  will  assume  the 
form 

dn+lv  „ { dy 


dx' 


y=f(xvdy  ±j\  U) 

+1  V ’ dx  ”*  daT1) W* 


Thus  (-^xIL  is  expressible  in  the  same  manner  as  , viz.  in 

terms  of  x,  y,  and  the  first  n — 1 differential  coefficients  of  y. 

Differentiating  (4)  and  again  reducing  the  second  member 
by  means  of  (3)  we  have  a result  of  the  form 


dx' 


ii-f(xv(k  Qfi  (5) 

[ , J’  dx'“dxn~1) 


and  in  this  form  and  by  the  same  method  all  succeeding  dif- 
ferential coefficients  may  be  expressed. 

Hence  reasoning  as  in  Chap.  II.  Art.  12,  we  see  that  sup- 
posing y to  be  developed  in  a series  of  ascending  powers  of  x, 
or  more  generally  of  x — xQ,  where  x0  is  an  assumed  arbitrary 
value  of  x,  the  coefficients  of  the  higher  powers  of  x — x0  be- 
ginning with  (x  — x0)n  will  have  a determinate  connexion, 
established  by  means  of  the  differential  equation,  with  the 
coefficients  of  the  inferior  powers  of  x — x0.  The  latter  coeffi- 
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cients,  n in  number,  beginning  with  the  constant  term  which 
corresponds  to  the  index  0,  and  ending  with  

1 . Z « O • • • W jL 

> which  is  the  coefficient  of  ( x — aj"-1,  will  be  perfectly 
arbitrary  in  value. 

To  exhibit  the  actual  form  of  the  development  let  y , y1}. . . 

d/u  dn~^v 

y„_,  be  the  arbitrary  values  assigned  to  y,  ...  when 

x = x0.  Also  let  &c.  represent  the  values  which  the 

second  members  of  the  series  of  equations  (3),  (4),  (5)  assume 
when  we  make  them  x =x0;  then 


V = Vo  + Vi  (»-»«)  + ~ {x~x0)\. 


■ y«-i 

1.2..W-1 


+ 


fn 


1.2.  ..n 


-(x-x^  + 


fn+ 1 

1.2...(n+l) 


(x— x0)H+l...&c.  ad  inf. ...  (6). 


In  this  expression  the  arbitrary  values  of  y and  its  n — 1 
first  differential  coefficients  corresponding  to  an  assumed  and 
definite  value  of  x,  viz.  y0,  y,,...yn_,  are  the  n arbitrary  con- 
stants of  the  solution,  the  values  of  fn,  &c.,  being  deter- 
minate functions  of  these,  and  therefore  not  involving  any 
arbitrary  element. 

Any  function  of  arbitrary  constants  is  itself  an  arbitrary 
constant,  and  thus  it  may  be  that  an  equation  has  effectively  a 
smaller  number  of  arbitrary  constants  than  it  appears  to  have 
from  the  mere  enumeration  of  its  symbols.  As  a general  prin- 
ciple we  may  affirm,  that  the  number  of  effective  arbitrary 
constants  in  the  solution  of  a differential  equation  while  on  the 
one  hand  equal  to  the  index  of  the  order  of  the  equation,  is  on 
the  other  hand  to  be  measured  by  the  number  of  conditions 
which  they  enable  us  to  satisfy.  Systems  of  conditions  to  be 
thus  satisfied  will  indeed  vary  in  form,  but  there  is  one 
system  which  we  may  consider  as  normal  and  to  which  all 
other  systems  are  in  fact  reducible.  It  is  that  which  is  de- 
scribed above,  and  which  demands  that  to  a given  value  of  x 
a given  set  of  simultaneous  values  of  y and  of  its  differential 
coefficients  up  to  an  order  less  by  1 than  the  order  of  the 
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uation  shall  correspond.  Conversely,  the  arbitraiy  constants 
of  a solution  may  be  said  to  be  normal,  when  they  actually 
represent  a simultaneous  system  of  values  of  y and  its  succes- 
sive differential  coefficients  up  to  the  number  required. 

Ex.  Given  ^ ^ + y\  Required  an  expression  for  y 

in  the  form  of  a series  such  that  when  x — 0,y  and  ^ shall 
assume  the  respective  values  c and  c'. 

Differentiating,  we  have 

A _ , 2?/  ~y 

d£~ch?+y  dx 

= *~dx  ^ ^ <lc  * ^ ^ie  equation, 

-y+<i+*)|. 

=y-+2y+(i  + 4j)|+2(|)', 

by  similar  reduction,  and  so  on.  Hence,  corresponding  to  x=Q, 
we  have  the  series  of  values, 

dy  , d*x  , , 

y~C'  dx~C'  ~dxi~C+C' 

c*  + (!  + 2c)  c\ 


^ = c’  + 2cs+(l  + 4c)c'  + 2c's, 


and  so  on.  Hence, 

, - . c*  + c' 

y = c + cx-\ - — ar 


| c,+  (1  + 2c)c,;e>  [ c2  + 2c8+(1  + 4c)c,  + 2c,8t4  [ 
2*3  2.3.4 
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Finitely  Integrable  Forms. 

3.  As  the  difficulty  of  the  finite  integration  of  differential 
equations  increases  as  their  order  is  more  elevated,  it  becomes 
important  to  classify  the  chief  cases  in  which  that  difficulty 
has  been  overcome. 

It  will  be  found  that  for  the  most  part  these  cases  are 
characterized  by  some  one  or  more  of  the  following  marks, 
viz.  1st,  Linearity,  the  coefficients  being  at  the  same  time 
either  constant  or  subject  to  some  restriction  as  to  form ; 
2ndly,  Absence  of  one  or  more  of  the  variables  or  their  differ- 
ential coefficients ; 3rdly,  Homogeneity ; 4thly,  Expressibility 
in  the  form  of  an  exact  differential  or  in  a form  easily  re- 
ducible thereto  by  means  of  a multiplier. 

The  subject  of  linear  equations  being  of  primary  importance, 
we  shall  devote  the  remainder  of  this  chapter  to  its  discussion. 
But  as  it  will  be  resumed  in  another  part  of  this  work,  and 
in  connexion  with  a higher  method,  we  propose  to  notice  here 
only  the  more  important  general  properties  of  linear  equations, 
and  to  illustrate  them  in  the  solution  of  equations  with  con- 
stant coefficients. 


Linear  Equations. 

4.  The  type  of  a linear  differential  equation  of  the  nto 
order,  (Chap.  I.  Art.  4),  is 


d y i v 

dx*  + Al 


dxK~1  + * dx^ 


+x*y=x (7), 


in  which  the  coefficients  Xt,  Xt ...  Xn  and  the  second  member 
X are  either  constant  quantities  or  functions  of  the  independent 
variable  x. 

Considering,  first,  the  case  in  which  the  second  member  is  0, 
the  following  important  proposition  may  be  established. 

Prop.  If  yt ...  yn  represent  n distinct  values  of  y,  each 
containing  an  arbitrary  constant,  which  individually  satisfy 
the  linear  equation, 


d*y  „ dTly  y cT^y 
dxn  + 1 <&"-*  + a dxn -* 


...  + Xn  y — 0 


(8), 
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then  will  the  complete  value  of  y he 

y=yi+y.-+y»- 


In  other  words  the  complete  value  of  y is  the  sum  of  n distinct 
particular  values  of  y,  each  containing  an  arbitrary  constant. 

For  on  substitution  of  the  assumed  general  value  of  y 
in  (8),  we  have  a result  which  may  be  arranged  in  the  follow- 
ing form,  viz. 


y ^+x1Qf...  + x.3,, 


dx"  ' dx'-1  1 dxn- 

*y* , w <^"1y»  ■ v dr% 


L = 0 ...  (9). 


dxn 


Y 

1 dx'-1 


1 


...+x$n 


Now  each  line  in  the  left-hand  member  of  the  above  equation, 
being  merely  the  result  of  substituting  some  one  of  the  par- 
ticular values  of  y in  the  left-hand  member  of  (8),  is  by 
hypothesis  equal  to  0.  Hence  the  equation  (9)  reduces  to  an 
identity,  and  the  theorem  is  established. 

The  problem  of  the  complete  solution  of  a linear  equation 
of  the  71th  order  whose  second  member  is  equal  to  0 is,  there- 
fore, reduced  to  that  of  finding  n distinct  particular  solutions, 
each  involving  an  arbitrary  constant.  More  than  that  number 
do  not  exist. 


5.  Prop.  To  solve  the  linear  equation  with  constant 
coefficients  when  the  second  member  is  0. 

Were  the  proposed  equation  of  the  first  order  and  of  the 
form 

o- 


its  solution  would  be 


B«  D.  E* 


y = 


13 
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From  this  result,  and  from  the  known  constancy  of  form 
of  the  differential  coefficients  of  exponentials,  we  are  led  to 
examine  the  effect  of  such  a substitution  in  the  equation 

jih„  dn~*y 

+ °l  &rl  + a*  dir* + a%y  = 0 (10)* 


d*y 

dx" 


Assuming  then  y = (7e”“,  and  observing  that 

<r{c<n 

—sr~ =m  a ■ 

» 

we  have,  on  rejection  of  the  common  factor  Ce”*,  the  equation, 
mn  + OjOT*-1  + ...  + an  = 0 (11), 


the  different  roots  of  which  determine  the  different  values  of 
m which  make  y = Cr  a solution  of  the  equation  given. 

When  those  roots  are  real  and  unequal,  we  have,  therefore, 
on  representing  them  by  m,,  mt, . . . m„,  the  system  of  n par- 
ticular solutions, 

y=Cle'V,  y=Cte”**,...y=Cnen‘* (12), 

from  which  by  the  foregoing  theorem  we  may  construct  the 
general  solution, 

y=  CjC’V  + Cr,e">*  ...  + Cnem-X (13). 


The  equation  (11)  by  which  the  values  of  m are  determined 
is  usually  called  the  auxiliary  equation. 

Ex.  Given  ^ “ 3 ^ + 2y  = 0. 


Here,  assuming  y = Cemx,  we  obtain  as  the  auxiliary  equation 
— 3m  + 2 = 0. 

Whence  the  values  of  m are  1 and  2.  The  corresponding 
particular  integrals  are  y = (7,6*,  and  y — (7,6**,  and  the  com- 
plete primitive  is 

y-  (7,6*+  (7,e**. 
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6.  If  among  the  roots,  still  supposed  unequal,  imaginary 
pairs  present  themselves,  the  above  solution,  though  formally 
correct,  needs  transformation.  Let  af&V— 1 represent  one 
of  these  pairs,  then  will  the  second  member  of  (13)  contain  a 
corresponding  pair  of  terms  of  the  form 

£e(Q+t,V=I)*+ 


which  we  may  reduce  as  follows, 


V “1  _|_  Q'^ux-bx  V=I 

. = Ce°®  (cos  bx  + V="l  sin  bx)  + C'ea  (cos  bx  — V—  1 sin  bx) 

= (G+  C')  e"® cos  bx+{G-  C')  V(- 1)  6“  sin  bx, 

or,  replacing  C+  C'  and  (G-  C')  \/(-  1)  by  new  arbitrary 
constants  A and  B, 

Ae “®  cos  bx  + Be**  sin  bx (14). 

Ex.  Given  — 4 ^ + 13y  = 0. 

Assuming  y — Ce"a,  the  auxiliary  equation  is 
ma  — 4?n  + 13=0, 

whence  m = 2 ± 3 V(—  !)•  The  complete  solution  therefore  is 
y = Ae*®  cos  3a:  + .Be2®  sin  3a:. 

7.  Lastly,  let  the  auxiliary  equation  have  equal  roots 
whether  real  or  imaginary,  e.  g.  suppose  to2  = to1.  Then  in 
the  general  solution  (13)  the  terms  C'1e*‘l®  + C.e”1**  reduce  to  a 
single  term  (G,+  C2)  em,x,  and  the  number  of  arbitrary  con- 
stants is  effectively  diminished,  since  Gt+  Ct  is  only  equiva- 
lent to  a single  one.  Here  then  the  form  (13)  ceaSes  to  be 
general. 

To  deduce  the  general  solution  when  mi  = m,  let  us  begin 
by  supposing  mi  to  differ  from  ml  by  a finite  quantity  h,  and 

13—2 
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examine  the  limit  to  which  the  terms  of  the  solution,  then 
really  general,  approach  as  h approaches  to  0.  Now 

C'e“‘I  + <V“‘+^  = e”11*  ( Cx  + C/*) 

=e".-(o1+c,+  a^+o,^...) 

=«■»  ^ + ae  + B4^  + &c.); 

on  replacing  Cl  + Ct  and  CJi  by  A and  B,  new  arbitrary  con- 
stants. This  change  it  is  permitted  to  make,  however  small 
h may  be,  provided  that  it  is  not  equal  to  0.  The  limit  to 
which  the  last  member  of  the  above  equation  approaches  as 
h approaches  to  0 is 

em'x  (A  + Bx). 

And  in  precisely  the  same  way,  were  there  r roots  equal  to 
mx,  we  should  have  for  the  corresponding  part  of  the  com- 
plete value  of  yx  the  expressions 


*"*1*  (Ax  + Aax  + A, a? ...  + A, aT1) (15). 

Thus  the  difference  which  the  repetition  of  a particular  root 
mx  produces  is  that  the  coefficient  of  the  exponential  emi*  is 
no  longer  an  arbitrary  constant,  but  a polynomial  of  the  form 
A,  + Aaa:  + &c.,  the  number  of  arbitrary  constants  involved 
being  equal  to  the  number  of  times  that  the  supposed  root 
presents  itself. 


Ex  Given^-^-^  + </  = 0 
U e cb?  dx  + y u 


Here,  assuming  y = Cemx,  the  auxiliary  equation  is 

ms  — ma  — m + 1 = 0, 

the  roots  of  which  are  — 1,  1,  1.  Thus,  corresponding  to  the 
foot  — 1,  we  have  in  y the  term  Ce*,  while  to  the  two  roots  1, 
we  have  the  term  ( A + Bx)  e*.  The  complete  primitive  there- 
fore is  , 

y = Ce-*  + (A  + Bx)  e*. 
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8.  It  follows  from  (15),  that  if  a pair  of  imaginary  roots 
a ±b  V—  1 present  itself  n times,  the  corresponding  portion  of 
the  complete  value  of  y will  be 

(<?,+  Cix...  + Crxr~1)e^=x+  (C'+  C^x...  + Cr'aT1) 

which,  substituting  for  and  '/_1  their  trigonometrical 
values  and  finally  making 

Cx  + {?,'  = Ax , (Cl-C1')tt  = Bl,& c., 
assumes  the  form 

(^4,  + ^2®  ...  + -4f®r"1)  e^cosS® 

+(2?,  + i?2®....  +-Bra^“1)  e“*sin&® (16). 

Hence,  therefore,  the  repetition  of  a pair  of  imaginary  roots 
a ±b  V=~l  changes  also  the  two  arbitrary  constants  of  the 
ordinary  real  solution  into  polynomials,  each  of  which  involves 
a number  of  constants  equal  to  the  number  of  times  that  the 
imaginary  pair  presents  itself. 

Ex.  Given  ^ + 2 n2  ^ + n*y  = 0. 

Assuming  y = <7e”“,  the  auxiliary  equation  is 
in 1 + 2nsms  + n*  = 0, 

whence  m has  two  pairs  of  roots  of  the  form  + «V(—  1). 

For  one  such  pair  the  form  of  solution  would  be 
y = .4cos®  + I?sin®. 

For  the  actual  case  it  therefore  is 

y = (At  + Ajc)  cos  x + (2?,  + Bjc)  sin  ®. 

9.  The  above  is  the  ordinary  method  of  investigating  the 
form  of  the  complete  solution  when  the  auxiliary  equation 
involves  equal  roots,  and  we  have  therefore  thought  it  proper 
to  give  it  a place  here.  We  must,  however,  remember  that 
it  involves  the  assumption  that  a law  of  continuity  connects 
the  form  of  solution  when  roots  are  equal  with  the  form  of 
solution  when  the  roots  are  unequal.  Now,  though  it  is 
perfectly  true  that  such  a law  does  exist,  its  assumption  with- 
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out  proof  of  that  existence  must  he  regarded  as  opposed  to  the 
requirements  of  a strict  logic.  In  all  legitimate  applications 
of  the  Differential  Calculus  it  is  with  a limit  that  we  are 
directly  concerned.  Here  it  is  with  something  which  exists, 
and  which  admits  of  being  determined  independently  of  the 
notion  of  a limit.  Such  determination  shews,  however,  that 
the  continuity  assumed  to  exist  exists  in  reality. 

Thus  if  we  take  as  an  example  — 2 ^ +y  = 0,  in  which 

the  auxiliary  equation  ms  — 2 m + 1=0  shews  that  the  values 
of  m are  each  equal  to  1,  we  are  entitled  to  assume  as  a par- 
ticular solution 

y=c?. 


Let  us  now  substitute  this  value  of  y in  the  given  equation 
regarding  G as  variable,  and  inquire  whether  it  admits  of  any 
more  general  determination  than  it  has  received  above.  On 
substitution  we  find  simply 


db? 


whence  C = A + Bx.  Thus  while  the  correctness  of  the 
solution  furnished  by  the  assumption  of  continuity  is  esta- 
blished, it  is  made  manifest  that  this  assumption  is  not  in- 
dispensable. We  shall  endeavour  to  establish  upon  other 
grounds  the  theory  of  these  cases  of  failure,  in  a future 
chapter. 


10.  The  results  of  the  previous  investigation  may  be  sum- 
med up  in  the  following  rule. 

Rule.  The  coefficients  being  constant  and  the  second  mem- 
ber 0,  form  an  auxiliary  equation  by  assuming  y = Cemx,  and 
determine  the  values  of  m.  Then  the  complete  value  ofy  will  be 
expressed  by  a series  of  terms  characterized  as  follows,  viz.  For 
each  real  distinct  value  of  m there  will  exist  a term  Ce™*  i for 
each  pair  of  imaginary  values  a±b  1),  a term 

Ae™  cos  bx  + Bew  sin  bx;  ' 

each  of  the  coefficients  A,  B,  G being  an  arbitrary  constant  if 
the  corresponding  root  occur  only  once,  but  a polynomial  of  the 


Digitized  by  Google 


LINEAR  EQUATIONS. 


199 


r — 1th  degree  with  arbitrary  constant  coefficients,  if  the  root 
occur  r times. 


Ex. 


Given  21^  + 2 

dx3  dx3  + 


d'y 

da? 


<fy_ 


dx 


= 0. 


Here  the  auxiliary  equation  is 

m3  — m3  — 2m*  + 2m  = 0, 

whence  it  will  be  found  that  the  values  of  m are 

0,  1,  1,  -1  ±V(-i). 

The  complete  primitive  therefore  is 

y = C+  ((7,+  CjT*  cos  x + sin  x. 


11.  To  solve  the  linear  equation  with  constant  coefficients 
when  its  second  member  is  not  equal  to  0. 

The  usual  mode  of  solution  is  1st  to  determine  the  com- 
plete value  of  y on  the  hypothesis  that  the  second  member 
is  0 ; 2ndly,  to  substitute  its  expression  in  the  given  equation 
regarding  the  arbitrary  constants  as  variable  parameters ; 
3raly,  to  determine  those  parameters  so  as  to  satisfy  the  equa- 
tion given. 

Supposing  the  given  equation  to  be  of  the  71th  degree,  « 
parameters  will  be  employed.  These  may  evidently  be  sub- 
jected to  any  n — 1 arbitrary  conditions.  Now  that  system  of 
conditions  which  renders  the  discovery  of  the  remaining  rela- 
tion (involved  in  the  condition  that  the  given  differential 
equation  shall  be  satisfied)  the  most  easy,  is  that  which 
demands  that  the  formal  expression  of  the  n — 1 differential 
coefficients 

dy  d?y  dH~'y 

dx'  dtf’  dfr1' 

shall,  like  the  formal  expression  of  y,  be  the  same  in  the  system 
in  which  c,,  cf, ...  c„  represent  variable  parameters,  as  in  the 
system  in  which  they  represent  arbitrary  constants. 

The  above  method  is  commonly  called  the  method  of  the 
variation  of  parameters.  It  is,  as  we  shall  hereafter  see,  far 
from  being  the  easiest  mode  of  solving  the  class  of  equations 
under  consideration ; but  it  is  interesting  as  being  probably 
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the  first  general  method  discovered,  and  still  more  so  from 
its  containing  an  application  of  a principle  successfully  em- 
ployed in  higher  problems. 

Ex.  Given  ^ + n*y  = cos  ax. 

Were  the  second  member  0,  the  solution  would  be 

y =c,  cos  nx  + cgsin  rue...... (a). 

Assume  this  then  to  be  the  form  of  the  solution  of  the  equa- 
tion given,  c,,  ca  being  variable  parameters,  but  such  that 
shall  also  retain  the  same  form  as  if  they  were  constant,  viz 

^ = — c,«  sin  nx  + c„»  cos  nx. (6). 

Now  the  unconditional  value  of  ^ derived  from  (a)  is 

dy  . , dc,  ..  dc. 

-f-  = — c,n  sin  nx  + c.n  cos  nx  + cos  nx  + Bin  nx  ~ , 
dx  1 3 dx  dx 

which  reduces  to  the  foregoing  form  if  we  assume 

dc.  . . dc.  . . 

cos  nx  -f-  sin  nx  = 0 (c). 

This  then  is  the  condition  which  must  accompany  (a). 

Now  differentiating  b and  regarding  c,,  ca  as  variable,  we  have 

<Py  . . . . dc.  dc . 

^ = — cpi  cos  nx  — ctn  sm  nx  — n sm  nx  ^ + n cos  nx  . 

Substituting  the  above  values  of  y,  (~  and  ^ in  the  given 
equation,  we  have 

. dc.  dc « » j, 

— n sm  nx  ^ + n cos  nx  = cos  ax (a), 

and  this  equation,  in  combination  with  (c),  gives 

dc.  1 . dc.  1 

1 = — cos  ax  sm  nx,  — - cos  ax  cos  nx, 
dx  n dx  n 
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j_  1 

["cos  (n  + a)  x t cos  (n  — a)  *| 

2 n "1 

1 n + a 

n — a j 

1 

[sin  (n  + a)  x , sin  (n  — a) 

2n 

[ n+a 

n — a j 

Lastly,  substituting  these  values  in  (a)  and  reducing,  we 
have 

cos  ax  _ _ . 

y = -5 — -*  + Ct  cos  nx  + <7  sm  (e). 

This  solution  fails  if  n = a.  But  giving  to  (0)  the  form 

cos  ax  — cos  nx  ~ . 

y — * 5 1-  C.  cos  nx  + 6„  sm  nx, 

J n — a 1 * 

and  regarding  the  first  term  as  a vanishing  fraction  when  n—a, 
we  find 

xsmnx  rll  , n . 

y = — C.  cos  nx  + C.  sin  nx. 

2 n 1 * 

Or  we  might  proceed  thus.  Differentiating  twice  the  equation 

d'y  , . 

+ n y = cos  nx, 

d*y  . d*y  a 
we  get  d%  + n dZ  = -n 


wo  get  *?  + » 

Hence  eliminating  cos  nx 


dx'+In  ck?+ny  U’ 


an  equation  whose  complete  solution  i3 

y = (zl  + ifc)  cos  Tuc  + ( (7  + D®)  sin  nx. 
Substituting  this  in  the  given  equation  we  find  B—  0, 
D = , whence 

JL71 

y —A  coBnx  + sin  nx, 

which  agrees  with  the  previous  solution. 
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The  latter  method,  which  is  general,  consists  in  forming  a 
new  equation  of  a higher  order,  hut  with  its  second  member 
free  from  that  term  which  is  the  cause  of  failure.  As  by  the 
elevation  of  the  order  of  the  equation  superfluous  constants 
are  introduced,  the  relations  which  connect  them  must  be 
found  by  substitution  of  the  result  in  the  given  equation. 

12.  To  the  class  of  linear  equations  with  constant  coeffi- 
cients all  equations  of  the  form 

(a+M"^+^(«+fc)-,^l+B(a+5xr^-+£y=X, 

A,  B,  ...L  being  constant  and  X a function  of  x,  may  be 
reduced.  It  suffices  to  change  the  independent  variable  by 
assuming  a + bx  = e*. 

Ex.  Given  (a  + bxf  ^ + b (a  + bx)  & + n*y  = 0. 
Assuming  a + bx  — e\  we  find 


Hence,  by  substitution  in  the  given  equation,  we  have 

r 


the  solution  of  which  is 

n nt  n,  . nt 
y = C cos  + C sin  , 

in  which  it  only  remains  to  substitute  for  t its  value  log  (a+bx) . 

13.  Beside  the  properties  upon  which  the  above  methods 
are  founded,  linear  equations  possess  many  others,  of  which 
we  shall  notice  the  most  important.  We  suppose,  as  before,  y 
to  be  the  dependent,  x the  independent  variable. 

1st.  The  complete  value  of  y when  the  linear  equation  has 
a second  member  X will  be  found  by  adding  to  any  particular 
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value  of  y that  complementary  function  which  would  express 
its  complete  value  were  the  second  member  0. 


Representing  the  linear  equation  in  the  form  (7),  let  ?/,  be 
the  particular  value  of  y which  satisfies  it,  Y the  complete 
value  which  would  satisfy  it  were  the  second  member  0 ; and 
assume  y = yl  + Y.  The  equation  then  becomes 


dx' 

dnY 

dxn 


■xl^...+xm9t 

+ X^...+XnY\ 


=x. 


(17), 


and  this  becomes  an  identity,  the  first  line  of  its  left-hand 
member  being  by  hypothesis  equal  to  X,  and  the  second  line 
equal  to  0. 

Ex.  Thus  a particular  integral  of  the  equation 
<Ty  s 

£t-ay  = x+\. 


CC  ”|“  1 • • • 

being  y — — , its  complete  integral  is 

CL 


y=c<r+c'<r*-x~~. 

* a 

The  above  property,  which  relates  to  the  generalizing  of  a 
particular  solution,  is  important,  because,  as  we  shall  hereafter 
see,  a particular  solution  of  a linear  equation  may  often  be 
obtained  by  a symbolical  process  which  does  not  involve  even 
the  labour  of  an  integration. 

2ndly.  The  order  of  a linear  differential  equation  may  always 
be  depressed  by  unity  if  we  know  a particular  value  of  y 
which  would  satisfy  the  equation  were  its  second  number 
equal  to  0. 

It  will  suffice  to  demonstrate  this  property  for  the  equation 
of  the  second  order 


da? 


+*!+*y-* 


(18). 
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Let  yx  be  a particular  value  of  y when  X=0,  and  assume 
y ~ Viv-  Substituting,  we  have 


v 


the  first  line  of  which  is  by  hypothesis  0.  In  the  reduced 
equation  let  — = u,  then  we  have 


a linear  equation  of  the  first  order  for  determining  u.  And 
this  being  found,  we  have 

v = Judx  + c. 

In  the  particular  case  in  which  X=0,  we  find  from  (19) 

Oe~fx'dat 


whence  2/ =2/i  (CJ-p- +Ci) (20)- 

3rdly.  Linear  equations  are  connected  by  remarkable  analo- 
gies with  ordinary  algebraic  equations. 

This  subject  has  been  investigated  chiefly  by  Libri  and 
Liouville,  who  have  shewn  that  most  of  the  characteristic 
properties  of  algebraic  equations  have  their  analogies  in  linear 
differential  equations. 

An  algebraic  equation  can  be  deprived  of  its  2nd,  3rd  ...  rth 
term  by  the  solution  of  an  algebraic  equation  of  the  1st, 
2nd,  ...r— 1th  degree.  A linear  differential  equation  can  be 
deprived  of  its  2nd,  3rd, ...  rth  term  by  the  solution  of  another 
linear  equation  of  the  1st,  2nd, ...  r — 1th  order. 

This  may  be  proved  by  assuming  y = vyv  and  properly  de- 
termining v so  as  to  make  in  the  resulting  equation  yx  assume 
the  required  form. 
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Given  two  algebraic  equations  involving  the  same  unknown 
quantity  and  of  the  respective  degrees  m and  n,  we  can 
deduce  by  their  combination  a new  equation  of  the  degree 
m — n. 

Given  two  linear  equations  involving  the  same  variables 
and  of  the  respective  orders  m and  n,  we  can  deduce  by 
their  combination  a new  linear  equation  involving  the  same 
variables  and  of  the  order  m ~ n. 

Many  other  properties  exemplifying  the  general  analogy 
might  be  noted.  Fuller  demonstration  of  those  above  noted 
will  be  found  in  Moigno,  Calcul  Integral,  Tom.  n.  p.  579. 


EXEKCISES. 

L ^_,^  + 123'  = 0- 

2-  U~7^+i^=x- 

3.  Integrate  g-4^  + 6§-4g+3,  = 0. 

*'  ^ + 2S  + 3'”°- 

_ d*y  d*y  . . . 

dx3  ~ 3 da?  + ^ = bemg  given  that  one  of  the 

roots  of  the  auxiliary  equation,  m8  — 3m2  + 4 = 0,  is  1. 
dx'  2da?  + 2da?  2fa  + y-1’ 


8.  What  form  does  the  solution  of  the  above  equation 
assume  when  k = 1 ? 


9 


a?^A-x^-  = 3y. 


dx?  dx 
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10.  (x  + a)a^-4(x  + a)^  + 6y  = 0. 

11.  Integrate  ^ — 2 bx  + b*a?y  — 0. 


dx 


12.  A particular  integral  of  (1  — x“)  ^ —x^  — a*y  — 0 

is  ?/=  C6,8in_1JP,  find  tlie  complete  integral  by  the  method  of 
Art.  13. 


13.  The  form  of  the  general  integral  might  in  the  above 
case  be  inferred  from  that  of  the  particular  one  without  em- 
ploying the  method  of  Art.  13.  Prove  this. 

14.  It  being  given  that 


. ( . cosa:\  sina;\ 

y =A  ( sm  a;  + + cos  a; — 1 

is  the  complete  integral  of  the  equation  ™ + ^1  — y = o, 
find  the  general  integral  of  ~ + (l  — ^2)  y = a;*. 


15.  Explain  on  what  grounds  it  is  asserted  that  the  com- 
plete integral  of  a differential  equation  of  the  «th  order  contains 
n arbitrary  constants  and  no  more. 

16.  Mention  any  circumstances  under  which  it  may  be 
advantageous  to  form,  from  a proposed  differential  equation, 
one  of  a higher  order.  In  deducing  from  the  solution  of  the 
latter  that  of  the  former,  what  kind  of  limitation  must  be 
introduced? 
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EQUATIONS  OP  AN  ORDER  HIGHER  THAN  THE  FIRST, 
CONTINUED. 


1.  We  have  next  to  consider  certain  forms  of  non-linear 
equations. 

Of  the  following  principle  frequent  use  will  be  made,  viz. 
When  either  of  the  primitive  variables  is  wanting,  the  order  of 
the  equation  may  be  depressed  by  assuming  as  a dependent  vari- 
able the  lowest  differential  coefficient  which  presents  itself  in  the 
- equation . 

Thus  if  the  equation  be  of  the  form 


and  we  assume 


dJL  f'VUn 
dx'  dsd)~ 


(1), 


(2), 


we  have,  on  substitution,  the  differential  equation  of  the  first 
order, 

'(**a0“ft (3)- 

If,  by  the  integration  of  this  equation,  z can  be  determined 
as  a- function  of  x involving  an  arbitrary  constant  c,  {suppose 
z = (f)  (x,  c) } we  have  from  (2) 

= <£  ( x , c), 

whence  integrating 

y = f<f>  (x,  c)  dx  4-  c\ 

If  the  lowest  differential  coefficient  of  y which  presents 
itself  be  of  the  second  order,  the  order  of  the  equation  can  be 
depressed  by  2,  and  so  on. 


dy 

dx 
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A similar  reduction  may  be  effected  when  x is  wanting. 
Thus,  if  in  the  equation  of  the  second  order 


w* 


we  assume  ^ —p,  we  have 

d?y  _ dp  _ dp  dy  _ dp 
da?  dx  dy  dx  ^ dy' 

by  means  of  which  (4)  becomes 

|)=° 


(5). 


Should  we  succeed  by  the  integration  of  this  equation  of 
the  first  order  in  determining  p as  a function  of  y and  c,  sup- 
pose p = <f)  (y,  c),  the  equation  ^ = p,  will  give 


whence 


dx-r  dy 


X 


-/r* 


+ c\ 


(6). 


<t>  (y> «) 

2.  In  close  connexion  with  the  above  proposition,  stand 
the  three  following  important  cases. 

Case  I.  When  but  one  differential  coefficient  as  well  as 
but  one  of  the  primitive  variables  presents  itself  in  the  given 
equation. 

• d^ii 

1st.  Let  the  equation  be  of  the  form  = X , we  have  by 


successive  integrations 


d"~ly 

Q=//.Sfc-+cz+c\ 
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and  finally 

y = Jf...Xdxn  + Cj*"-1  + c^aT*. . .+  c„ (7). 

We  shall  hereafter  shew  that  the  first  term  in  the  second 
member  may  be  replaced  by  a series  of  n single  integrals. 

• clny  . 

2dly,  If  the  equation  be  of  the  form  — Y,  it  is  not  gene- 
rally integrable,  but  it  is  so  in  the  case  of  n = 2.  Thus  there 
being  given 

<?y_  v 

- •'  — M 5 


we  have 

and  integrating 

Hence 


dxl 

(>fy<£y_e>vdy 

dxdh?~ 


dx ' 


(|)'=2;r^+c. 

g=(2/ra,+  o)‘, 


dx  = 


dy 


(2  JYdy+  G)k  ’ 


x 


-k 


dy 


(2  fYdy+C) 
As  a particular  example,  let  ^ = o*y. 


y + C . 


.(8). 


Here 


(2/«>rf3/+  6')‘ 


~ 1(2  fa' 

■/i 


dy 


= C' 


dy 


C' 


(ay  + (7)* 

= -log  {ay  + V(ay  + ^)}+ 


Case  n.  When  the  given  eauation  merely  expresses  a 
relation  between  two  consecutive  differential  coefficients. 

B.  D.  E.  14= 
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Suppose  the  equation  reduced  to  the  form 

_ SMP) «. 

then,  assuming  = s>  we  have 

dz 


whence 


dz 


dx  — 


x 


'/(»)  ’ 
dz 
f/(«) 


-L 


+ C, 


(10). 


If,  after  effecting  the  integration,  we  can  express  z in  terms 
of  x and  c,  suppose  z = (f>  (x,  c ) we  have  finally  to  integrate 


dn  'y  . 

dx'~l  ~ $ C)* 


(11), 


which  belongs  to  Case  I. 

But  if,  after  effecting  the  integration  in  (10),  we  cannot 
algebraically  express  z in  terms  of  x and  c,  we  may  proceed 
thus. 


From 


dx' 


^ = z,  we  have 


d~y 


dx" 


- — fzdx 


d'-'y 

dx" 


and  finally, 


f zdz 

“J/w* 

-H 

r dz  f zdz 

J/W  ’ 

J'"Im (,2)’ 


zdz 
/(z) 
dz  f zdz 
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the  right-hand  member  indicating  the  performance  of  n — 1 
successive  integrations,  each  of  which  introduces  an  arbitrary 
constant.  If  between  this  equation  and  (10)  we,  after  integration, 
eliminate  z,  we  shall  obtain  a final  relation  between  y,  x,  and 
n arbitrary  constants,  which  will  be  the  integral  sought. 

E,  Given  „ggy{1  + (g)’}. 

Making  ^ = z,  we  have  azjx  = V(1  + 28),  whence 

* = c + a\/(l+2!)  (a). 

According  to  the  first  of  the  above  methods,  we  should  now 
solve  this  with  respect  to  z,  and  thus  obtaining 


find  hence 


» =//\/{(V)  - >}  *>’  + V + <•, -(»>. 

to  which  it  only  remains  to  effect  the  integrations.  According 
to  the  second  method,  we  should  proceed  thus.  Since 

, azdz  . 

ax  = — sr,  we  have 


V(1 +**) 


aztdz 

V(i + s8) 


az\Z(l+sa)  a,  r ,,,  , 

= — 2 Z - 2 l°S  {*  + V(1  +**)}  + c, 

f 

whence  multiplying  the  second  member  by  for  <&?, 

and  again  integrating, 

+ ac'  V(1  + z*)  + c" (c) . 

The  complete  primitive  now  results  from  the  elimination 
of  z between  (a)  and  (c). 

14—2 
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Case  III.  When  the  given  equation  merely  connects  two 
differential  coefficients  whose  orders  differ  by  2. 

Reducing  the  equation  to  the  form 


This  form  has  been  considered  under  Case  I. 

It  gives 

_ f dz  , n, 

X~)[‘ilf{z)dz  + C}'+{J- 

If  from  this  equation  z can  be  determined  as  a function  of 
x,  C,  and  C', — suppose  z = <£  (x,  G,  C'), — then 

O,  C), 

the  integration  of  which  by  Case  I.  will  lead  to  the  required 
integral.  If  z cannot  be  thus  determined,  we  must  proceed  as 
under  the  same  circumstances  in  Case  n. 

Ex.  Given  a*  . 

Proceeding  as  above,  the  final  integral  will  be  found  to  be 

5L  Z* 

y = cl€0  + cae°  + csx  + c4. 


Homogeneous  Equations. 

3.  There  exist  certain  classes  of  homogeneous  equations 
which  admit  of  having  their  order  depressed  by  unity. 

Class  I.  Equations  which,  on  supposing  x and  y to  be  each 
of  the  degree  1,  ^ of  the  degree  0,  ~~  of  the  degree  — 1,  &c., 
become  homogeneous  in  the  ordinary  sense. 
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Adopting  the  notion  and  the  language  of  infinitesimals,  the 
earlier  analysts  described  the  above  class  of  equations  some- 
what more  simply  as  homogeneous  with  respect  to  the 
primitive  variables  and  their  differentials,  i.  e.  with  respect 
to  x,  y,  dx,  dy,  cPy,  &c. 

All  equations  of  the  above  class  admit  of  having  their 
order  depressed  by  unity. 

For  if  we  assume  x = e9,  y — ez,  we  shall  find  by  the  usual 
method  for  the  change  of  variables, 


dy  _ dz 

di~~dB  + Z 


(11), 


§= ■-©+!) <“>■ 


and  so  on.  Here  y is  presented  as  of  the  first  degree  with 
respect  to  e®  which  takes  the  place  of  x,  while  ^ is  of  the 
cFij  • 

degree  0,  and  ^ of  the  degree  — 1,  with  respect  to  e9.  And 

the  law  of  continuation  is  obvious.  Hence,  from  the  supposed 
constitution  of  the  given  equation,  it  follows  that  on  substitu- 
tion of  these  values  the  resulting  equation  will  be  homogeneous 
with  respect  to  «*,  which  will  therefore  divide  out  and  leave 

an  equation  involving  only  z,  , &c.  That  equation 

will  therefore  have  its  order  depressed  by  unity  on  assuming 

% =P  ••••  (Art.  1.) 

* 

Let  us  examine  the  general  form  of  the  result  for  equations 
of  the  second  order. 


Representing  the  given  equations  under  the  form 


F{X'  y'  dx'  dtf)~° 


we  have,  on  substitution, 

F{*  a-3S+«. 


(16), 

(17), 
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and  from  this  equation,  from  what  has  been  above  said,  e8  will 
disappear  on  division  by  some  power  of  that  quantity,  e.  g.  e"®. 
But  the  effect  of  simply  removing  a factor  is  the  same  as  that  of 
simply  replacing  such  factor  by  unity.  Now  to  replace  enB  by 
unity  is  the  same  as  to  replace  e*  by  unity,  and  if  we  do  this 

simply,  i.  e.  without  changing  and  ^ , (17)  will  become 
dz  cPz  dz\  „ 

*’  55  + 55*  + dff]  ~ 0 (18)* 

. ,,  dz  , cPz  du  du  , 

Assuming  then  -jq  = u,  whence  ~ d9=U  dz  ’ we  “aye 

■F(l,  *,  m + z,  u ^ + m)  =° (19), 

an  equation  of  the  first  order,  which  by  integration  gives 

u = <f>(z,  c ) (20). 

Then  since  u = ^ , we  have 

(f>  (z,  c) 

d=jf&7)+c' (21)’ 

in  which,  after  effecting  the  integration,  it  is  only  necessary 
to  write 

0 = log*,  z=y- (22), 

x 

The  solution  of  the  proposed  equation  is  therefore  involved 
in  (20),  (21),  (22). 

Ex.  Given  (y  — x<^j  • 

Substituting  as  above  x = e®,  y = <Pz,  we  find,  as  the  trans- 
formed equation, 

(<Pz  dz\  fdz\ * 

i . nW  + W)~  [ddj  ’ 
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whence,  making  ^ = u,  we  have 


. du  . „ 

n [u  + uj  = u , 


(«), 


which  resolves  itself  into  the  two  equations, 

"(£+ J)'“’  “=0- 

The  former  gives  on  integration 


JSTow  u = ^ , whence 


« = n + Ce\ 
dz 


dd  = 

n+  Ce" 

0 = — log  (ne"  4-  C)  + C', 

and  now  replacing  0 by  x,  and  z by  ^ , we  have  on  reduction, 


y=nxXosAhi 


(5), 


A and  B being  arbitrary  constants.  This  is  the  complete 
primitive.  ' 

dz 

The  remaining  equation  u = 0,  or  -=3  = 0,  gives  z = c,  or 
„ du 

y =cx,  and  this  is  the  singular  solution. 

The  equation  (a)  might  have  been  directly  deduced  from 


the  given  equation  by  the  general  theorem  (19),  which  indi- 
cates that  for  such  deduction  it  is  only  necessary  to  change 


x to  1,  y to  z,  ^ to  u + z,  and 


d?y 

dx 


du 

Tz 


8 to  U + u. 


Class  II.  Equations  which  on  regarding  x as  of  the  first 
degree,  y as  of  the  nth  degree,  ^ of  the  n — 1th  degree,  of 
the  n — 2th  degree,  &c.,  are  homogeneous. 


Digitized  by  Google 


216 


HOMOGENEOUS  EQUATIONS. 


To  effect  the  proposed  reduction  assume  x — e®,  y = e”*z. 
The  transformed  equation  will  be  free  from  6,  and,  on  assum- 
dz  . 

ing  £Q—U > will  degenerate  into  an  equation  of  a degree 

lower  by  unity  between  u and  z. 

It  is  easy  to  establish  that,  if  the  given  differential  equa- 
tion be 


£)-° <23>- 


the  reduced  equation  for  determining  u will  be 


du 

F{\,  z , u + nz,  u + (2n  — 1)  u + n (n  — 1)  z)  =0...(24). 

Suppose  that  by  the  solution  of  this  we  find 

u — (f)  (z,  c) (25), 


then  since 


dz  , 
u=z~j£i  we  have 


dd  = 


dz 


<f>  (z,  c ) ’ 
dz 


°=\w, 


c) 


f c'. 


(26), 


V 

in  which  it  only  remains  to  substitute  log  x for  0,  and  ^ for  z. 

SC 

Ex.  Given  x*  = ( x 8 + 2 xy)  ^ — 4 y*. 

This  equation  proves  homogeneous  on  assuming  x to  be  of 
the  degree  1,  y of  the  degree  2,  ^ of  the  degree  1,  and 

~ of  the  degree  0. 

Changing  then,  according  to  the  formula  (24),  x into  1,  y 
into  z,  into  u + and  ^ “to  u~  + $u  + 2z,  we  have 

..(a), 


-y  1UVV  W | MUV4  1 O Xi-1.  UU  W 7 

dx  ’ dad  dz 

u + 3u  + 2z  = (1  + 2 z)  (u  + 2 z)  — 4 z%. 
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“(^  + 2-2*)  = 0- 


This  is  resolvable  into  two  equations,  viz. 
du  . „ 

^-4-2  — 2z  = 0,  u = 0. 

The  first  gives  on  integration 

« = (2  — 1)*  + c*. 

Hence,  since  ^ = u,  we  have 


.(b). 


dd. 


dz 


(z-l)s±c*’ 


/ 


1 » — 1 , 1,  — 1 — c\  , 

0 = - tan  1 + c,  or— log  )+c. 

Hence,  replacing  0 by  log  x,  and  z by  , we  have 

i -iV-v*  1 i V — (l  + c)ie*  , 

log  * = - tan  or  — log  - — )—  - ; , + c , 

c car  2c  y — (l-c)ar 

the  rational  forms  of  the  integral  required. 

. . . dz 

The  factor  u = 0 in  ( l ) giving  ^ = 0,  or  z = c,  leads  to  the 
singular  solution  y = ca^. 


Class  III.  Equations  which  are  homogeneous  with  respect 


toy  ^ ^ 


&c. 


Properly  speaking,  this  class  constitutes  a limit  to  the  class 
just  considered.  For  when  n becomes  large,  the  quantities  «, 

n — 1,  n — 2,  the  supposed  measures  of  the  degrees  of  y,  ^ , 
approach  a ratio  of  equality. 


<Ty 

dx* 
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If  we  assume  y = e',  we  have 

dy  _ dz 
dx  dx” 


(27), 


All  these  being  of  the  first  degree  with  respect  to  e’,  it  fol- 
lows that  after  substitution  in  the  proposed  equation,  that 
function  will  disappear  on  division.  Thus,  if  the  given  equa- 
tion be 


'(**£3)- 

% 

(29), 

the  transformed  equation  will  be 

„ f dz  diz  / dz\ * 

.•  *’  S’  5?+  (s)  }”0' 

(30), 

. dz 

or,  on  assuming  j-=ur 

35+ “’)  = °- 

(31). 

Integrating  this  equation  of  the  first  degree, 

we  have 

u = (f>(x,c); 
z — f<f>  ( x , c)dx  + c' 

(32), 

in  which  it  only  remains  to  substitute  for  z its  value  log  y. 


Or  we  may  assume  at  once  y = e/ud*.  The  transformed 
equation  between  u and  x will  be  of  an  order  lower  by  unity 
than  the  equation  given. 


B*.  Given  «yg  + j(!)'= 


W+- 


Assuming  y = e/wir,  we  find 


u 

7{d+2?) 
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as  would  directly  result  from  (29)  and  (30).  Expressed  in 
the  form 

du -u / b\  , 

dx  asj{d  + ad)  \ a) U * 

this  equation  is  seen  to  belong  to  the  class  discussed  in  Chap. 
II.  Art.  11. 


On  comparing  the  above  classes  of  homogeneous  equations 
we  see  that  Class  n.  is  the  most  general.  It  includes  Class  I. 
as  a subordinate  species,  and  Class  III.  as  a limit. 

It  is  proper  to  observe  that  Classes  I.  and  II.  are  usually- 
treated  by  a different  method  from  that  above  employed. 
Thus,  in  Class  I.,  it  is  customary  to  make  the  assumptions 


y 


-xt  <&-u  H-*  &c 

— Xl’  dx  ~U’  'ir~‘  ~ ~ ~ '~l  ’ 


dx * x ’ dad  ad 3 


On  substitution  x divides  out,  and  there  remains  an  equation 
involving  y and  the  new  variables  t,  u,  v,  w,  &c.,  which  may  be 
reduced  by  successive  eliminations  to  a differential  equation 
between  two  variables,  and  of  an  order  lower  by  unity  than  the 
equation  given.  But  this  method  is  far  more  complicated  than 
the  one  which  we  have  preferred  to  employ. 


Exact  Differential  Equations. 
4.  A differential  equation  of  the  form 


4>  (*> 


dy  ddy 
dx  ’ dad 


dy 

dx’ 


h 


0. 


(33), 


is  said  to  be  exact  if,  representing  its  first  member  by  V,  the 
expression  Vdx  is  the  exact  differential  of  a function  U,  which 

is  therefore  necessarily  of  the  form  yjr  ^x,  y,  ...  ^%-^j  • 

Thus  ^ ^ — yad  ^ — xy*  = 0,  is  an  exact  differential 
equation,  its  first  member  multiplied  by  dx  being  the  differen- 
tial of  the  function  ~ — ady1  - , and  the  first  member  it- 

self the  differential  coefficient  of  that  function. 
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Hence  then  a first  integral  of  the  above  equation  will  be 


The  method  of  integrating  an  exact  differential  equation 
which  we  shall  illustrate,  and  which  contains  an  implicit  solu- 
tion of  the  question  whether  a proposed  equation  is  exact  or 
not,  appears  to  be  primarily  due  to  M.  Sarrus  ( Liouville , Tom. 
XIV.  p.  131,  note). 


JtiX. 


Supposing  the  above  an  exact  differential,  we  are  by  defini- 
tion permitted  to  write 


dx...(  34). 


Now  a first  and  obvious  condition  is  that  the  highest  differ- 
ential coefficient  in  an  exact  differential  equation,  being  the 
one  introduced  by  differentiation,  can  only  present  itself  in  the 
first  degree.  This  condition  is  seen  to  be  satisfied. 


Representing  the  highest  differential  coefficient  but  one  by 
p,  we  can  express  (34)  in  the  form 

dU=  (y  + 3 xp  + 2 yp*)  dx  + (ceJ  4-  2 tfp)  dp. 

Now  let  Ux  represent  what  the  integral  of  the  term  contain- 
ing dp  would  be  werep  the  only  variable.  Then 

TJX  = x*p  + ifp2. 

Assume,  then,  removing  all  restriction, 

whence  dU,=  (2* | + 2y (|)  + (**+2/1) %dx. 
Subtracting  this  from  (34) 

dU-dU^^y  + x&jdx (35). 
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We  remark  that  the  highest  differential  coefficient  has 

cur 

now  disappeared.  We  observe  too  that  the  next,  viz.  is  in- 
volved only  in  the  first  degree.  This  is  a consequence  of  the 
fact  that  the  proposed  differential  equation  was  really  exact. 
For  the  first  member  of  (35)  being  the  difference  of  two  exact 
differentials,  and  therefore  itself  exact,  the  second  member  is 
so,  and  its  highest  differential  coefficient  is  therefore  of  the 
first  degree.  The  integration  of  an  exact  differential  involving 
3j*'u 

has,  in  fact,  been  reduced  to  that  of  an  exact  differential 

involving  only  ^ as  its  highest  differential  coefficient.  And 

a similar  reduction  may  be  effected  whatever  may  be  the  order 
of  the  highest  differential  coefficient. 

The  integration  of  (35)  gives 

U-  Ux  = xy, 

whence 

A first  integral  of  the  given  equation  is,  therefore, 


ax 


*(!)' 


+ xy  = c. 


.(36). 


The  general  rule  for  the  integration  of  an  exact  differential 
dU  involving  a;,  y,  , ...  , is  then  as  follows.  Integrate 

the  term  which  involves  in  the  first  degree , as  were 

• d*xj  • • • • 

the  only  variable,  and  dx  its  differential.  Representing  the 

result  by  U1,  and  removing  the  restriction,  dTJ  —dUx  will  be  an 

• dy  dn~ly 

exact  differential  involving  only  x,  y,  — , . . . , . Repeat 

CLX  (ICC 

the  process  as  often  as  necessary.  Then  U will  be  expressed 
by  the  sum  of  its  successively  determined  portions  Ux,  Ut, 

fg  , (1C. 
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For  the  solution  of  an  exact  differential  equation,  it  is  there- 
fore only  needful  to  equate  to  c the  integral  of  the  correspond- 
ing exact  differential  as  found  by  the  above  process. 

The  failure  of  that  process,  through  the  occurrence  of  a 
form  in  which  the  highest  differential  coefficient  is  not  of 
the  first  degree,  indicates  that  the  proposed  function  or  equa- 
tion is  not  ‘ exact.’ 


5.  There  is  another  mode  of  proceeding  of  which  it  is  pro- 
per that  a brief  account  should  be  given. 


Representing^,  by  y„  ya,  ...yn,  it  is  easily 

shewn  by  the  Calculus  of  Variations,  that  if  Vdx  be  an  exact 
differential,  V being  a function  of  x,  y,  yv  ...yn,  then  identically 


where 


dV  (d\dV , /d\*dV  _ fdVdV  n /<VT. 
dy  [dxj  dyx  \dx)  dyi"‘  + \dx)  dyn  ~ ’ 

(s) indi 


indicates  that  we  differentiate  with  respect  to  x 


regarding  y,  y.,...yn  as  functions  of  x.  This  condition  was 
discovered  by  Euler. 


The  researches  of  Sarrus  and  De  Morgan,  not  based  upon 
the  employment  of  the  Calculus  of  Variations,  have  shewn, 
1st,  that  the  above  condition  is  not  only  necessary  but  sufficient. 
2ndly,  that  it  constitutes  the  last  of  a series  of  theorems  which 
enable  us,  when  the  above  condition  is  satisfied,  to  reduce 
Vdx  to  an  exact  differential  in  form,  i.  e.  to  express  it  in 
the  form 


dU  , dU , dU  , dU  , 
& <fe+  A, 


dy*~ i 

where  x,  y,  y,, are  regarded  as  independent.  The  inte- 
gration of  Vdx  = 0 in  the  form  U=  c is  thus  reduced  to  thcr 
integration  of  an  exact  differential  of  a function  of  n + 1 inde- 
pendent variables, — a subject  to  be  discussed  in  Chapter  xil. 
( Cambridge  Transactions,  V ol.  IX.) 

The  condition  (37)  is  singly  equivalent  to  the  system  of 
conditions  implied  in  the  process  of  Sarrus.  The  proof  of  this 
equivalence  a posteriori  would,  as  Bertrand  has  observed,  be 
complicated.  (Liouville,  Tom.  xiv.) 


.(38), 
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The  solution  of  the  differential  equations  of  orders  higher 
than  the  first  is  sometimes  effected  by  means  of  an  integrating 
factor  fi,  to  discover  which  we  might  substitute  fiV  for  Fin  (37), 
and  endeavour  to  solve  the  resulting  partial  differential  equation. 
Even  here,  however,  the  process  of  Sarrus  would  be  preferable. 


Miscellaneous  Methods  and  Examples. 


6.  Many  forms  of  equations,  besides  those  above  noted,  can 
be  integrated  by  special  methods,  e.  g.  by  transformations, 
variation  of  parameters,  reduction  to  exact  differentials,  &c. 
Equations  of  the  classes  already  considered  can  also  sometimes 
be  integrated  by  processes  more  convenient  than  those  above 
explained. 

Ex.  1.  Given  = ax  + 
dxr 


Let  ax  + ly  = t.  We  find  as  the  result,  ~ =bt  a linear 
equation  with  constant  coefficients. 


Ex.  2.  Given  (1  — a?)  ^ — x ^ + cfy  = 0. 


Changing  the  independent  variable  by  assuming  sin-1  x=t, 
we  find  + rft  = 0,  whence  the  final  solution  is 


y = Cj  cos  (q  sin"1#)  + c2  sin  (q  sin"1#) . 


.(39). 


So  too  the  equation  (1  + ax2)  ~ + ax  ± q*y  = 0,  i 


is  re- 


d'y 


ducible  to  the  form  + <fy  = 0,  by  the  assumption 


[ dx  -t 
JV(l+a#?) 

Equations  involving  the  arc  s,  whether  explicitly  or  im- 
plicitly, may  be  freed  from  it  by  differentiation  or  by  change 
of  independent  variable. 
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Ex.  3.  Given  8 =ax  + by. 

Differentiating,  we  have 

db±  (a* b*  — 1) 


" dx' 

Ex.  4. 


1 -b* 

«.  cPx 
Given  = a. 
as 


Assuming  x as  independent  variable,  we  have 

cPx  _dx  d dx  _ /dsY*  d (dsY1 
ds*~  ds  dx  ds  \dx)  dx  \dx) 
<ds\ - d,s 


fds\  drs  _ 
~W  d?~a' 


ds 


We  might  here  put  for  its  value  V(1  and  so  form 

a differential  equation  for  determining  p.  Direct  integration, 
however,  gives 

&-■ 


■■  2 ax  + c. 


Whence  we  find 


±=(-1 iV. 

dx  \2 ax  + c J ’ 

1>=Kid^-1)'dx+c!; 


^2  ax  + c 
which  indicates  a cycloid. 

7.  M.  Liouville  has  shewn  how  to  integrate  the  general 
equation  +/(*)  ^ + F[if)  — 0>  ( Journal  de  Mathema- 
tiques,  1st  Series,  Tom.  VII.  p.  134). 

Suppressing  the  last  term,  the  resulting  equation 


dx 
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has  for  a first  integral  ~ = Ce~f,Mdx.  Now  assume  this  to  be 

a first  integral  of  the  given  equation  regarding  C as  an  un- 
known function  of  y,  then 


d*y 

dx* 


4s{f  J-tfw} 

C dy  \dx)  J dx' 
Thus,  the  given  equation  becomes 


whence 

Therefore 


+*■<*) =»■■•• 

C = Ae-f,"d\ 
dy 

_ x e-//Wdx  . 

dx 


(40), 


(41), 


/.  dy  = A Je~f,Wdz  dx  + B 

the  complete  primitive  sought. 

8.  Jacobi  has  established  that  when  one  of  the  first  inte- 

<Ty 

grab  of  a differential  equation  of  the  form  ^ —f  {%,  y)  is 

known,  the  complete  primitive  may  be  found.  The  following 
demonstration  of  this  proposition  is  due  to  Liouville,  {Journal 
de  Mathematiques,  Tom.  xiv.  p.  225,  2nd  Series). 

Let  the  given  first  integral  be  = (x,y,c).  Differenti- 

ating, we  have 

d*y  _ d<f>  d<f>  dy  __d(f>  d(f> 
dx*  dx  "1"  dy  dx  dx  ™ dy  1 

<f>  standing  for  {x,  y,  c).  Hence,  comparing  with  the  given 
equation, 

+ -/(*'»>> 

B.  D.  E.  15 
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and  differentiating  with  respect  to  c, 

(P<f>  d<f>  d<f>  . (F<f>  _ _) 
dxdc  dc  dy  ™ dydc 

Now  this  is  precisely  the  condition  which  must  be  satisfied 

in  order  that  the  expression  ~ (dy  — <pdx)  may  be  an  exact 

differential.  Hence,  the  first  integral  expressed  in  the  form 
dy  — (f>dx  = 0,  is  made  an  exact  differential  by  means  of  the 

factor  . The  complete  primitive  therefore  is 

/<fc  ^~<f>  = c'  «•••  (42)* . 


Some  equations  of  great  difficulty  connected  with  the  theory 
of  the  elliptic  functions  are  reduced  to  the  above  case  in  the 
memoir  referred  to. 


Singular  Integrals. 

9.  Equations  of  the  higher  orders,  like  those  of  the  first 
order,  sometimes  admit  of  singular  integrals,  i.  e.  of  integrals 
not  derivable  from  the  ordinary  ones  without  making  one  or 
more  of  their  constants  variable. 

We  shall  term  such  integrals  singular  solutions  when  they 
connect  only  the  primitive  variables,  but  singular  integrals 
when  they  present  themselves  in  the  form  of  differential 
equations  inferior  in  order  to  the  equation  given. 

And  as  the  entire  theory  is  involved  in  the  theory  of 
singular  first  integrals,  we  shall  speak  chiefly  of  these,  but 
with  less  detail  than  in  the  corresponding  inquiries  of 
Chap.  VIII. 

Prop.  Given  a first  integral  with  arbitrary  constant  of  a 
differential  equation  of  the  n'h  order,  required  the  correspond- 
ing singular  integral. 

Let  the  given  equation  be 

F(x,y,yvyi...y^  = 0 (43), 
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where  y,  stands  for  ^ , ya  for  , &c.  Suppose  the  integral 
given  to  be  expressed  in  the  form 


y «-i  =/(*»  — y*-»  <0 (44)» 


c being  an  arbitrary  constant.  Differentiating  as  if  c were 
an  unknown  function  of  x, 


y» 


df  df  df  df  df  dc 

~dx  + dy1/i+dylI/t-+dyn_^  + d^  dx' 


Now  this  reduces  to  the  same  form,  i.  e.  gives  the  same 
expression  for  yn  in  terms  of  x,  yl ...  y , c,  as  it  would  do  if 

JJ? 

c were  constant,  provided  that  we  have  ~ =0;  and  therefore, 

this  condition  satisfied,  the  elimination  of  c will  still  lead  to 
the  given  differential  equation  (43). 


An  integral  of  the  given  equation  will  therefore  be  found 
by  attributing  to  c in  the  complete  first  integral  (44),  such 

value  as  will  satisfy  the  condition  Jr  = 0,  or,  as  we  may  ex- 
press it, 


(45). 


And  unless  the  value  of  c thus  found  is  constant,  the  in- 
tegral will  be  singular.  The  above  process  amounts  to 
eliminating  c between  (44)  and  (45),  so  that  we  have  the 
following  rule. 


Given  a first  integral  of  a differential  equation  of  the  nth 

order,  to  deduce  the  corresponding  singular  integral,  we  must 

eliminate  c between  the  first  integral  in  question  and  the  equation 

dy  • dn~*y 

■£~1  — 0,  where  is  the  value  of  - expressed  in  terms 


*~y 


dx. 


of  x ,y...  , &c.  by  means  of  the  given  first  integral. 


If  the  proposed  first  integral  is  rational  and  integral  in  form, 

15—2 
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then  representing  it  by  <p  = 0,  it  suffices  to  eliminate  c between 
the  equations, 

4>  = 0,  ^ = 0 (46). 


It  is  unnecessary  to  dwell  on  the  particular  cases  of  exception 
after  what  has  been  said  on  this  subject  in  Chap.  vm. 

Ex.  1.  The  differential  equation 

x' 

has  for  a first  integral 

y-f 

required  the  corresponding  singular  integral. 

Differentiating  the  first  integral  with  respect  to  b,  we  find 

;+M+2J=0, 

4?/  ~ ~ m m m 

whence  b = > and  this  value  substituted  in  the  given 

4 (1  + x)  ° 

integral,  leads  to 

y»* . (4y,-*T  _0 

y 2 a?  + 16a?  (1  + x*)  ~ 

or,  on  reduction,  16  (1+  a?*)  y — 8 a?yx  — 1 6 xyl  + x*  — 16y,2  = 0. 


In  connexion  with  this  subject,  Lagrange  has  established 
the  following  propositions : 

1 st.  Either  of  the  first  two  integrals  of  a differential  equation 
of  the  second  order  leads  to  the  same  singular  integral  of  that 
equation. 

2nd.  The  complete  primitive  of  a singular  integral  of  a 
differential  equation  of  the  second  order  will  itself  be  a sin- 
gular solution  of  that  equation,  but  a singular  solution  of  a 
singular  integral  will  in  general  not  be  a solution  at  all  of 
that  equation. 
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The  proof  of  these  propositions  will  afford  an  exercise  for 
the  student. 


10.  We  proceed  to  inquire  how  singular  integrals  may  he 
determined  from  the  differential  equation. 

Expressing  as  before  the  first  integral  involving  an  arbitrary 
constant  in  the  form 


y^x  y--.>  c) (47)> 


we  have  as  the  derived  equation 


<*/(*>  y.yi—  c)1 

dx 


,(48), 


the  brackets  in  the  second  member  indicating  that  in  effecting 
the  differentiation  y, y,, ...  y^t,  are  to  be  regarded  as  functions 
of  x.  The  differential  equation  of  the  second  order  is  found 
from  (47)  by  substituting  therein,  after  the  differentiation,  for  c 
its  value  in  terms  of  x,y,yx, . . . y^ , given  by  (46).  The  result 
assumes  the  form 


y.  = foy.yi  — 3O (49). 

Hence,  we  have 

or,  representing  f{x,  y,  yx ...  y^,  c),  by/ 


Hence, 


dVn_  • = # 


(50), 


provided  that  the  first  member  be  obtained  from  the  differ- 
ential equation,  and  the  second  member  from  one  of  its 
first  integrals  involving  c as  arbitrary  constant.  It  is  to  be 
borne  in  mind  that  in  effecting  the  differentiation  with  respect 
to  x in  the  second  member,  we  must  regard  y,  yxf  ...yB_g  as 
functions  of  x. 
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Now  reasoning  as  in  Chap.  viii.  since  a singular  solution 

makes  = 0,  it  makes  its  logarithm,  and  in  general  the 

differential  of  its  logarithm,  infinite.  Thus  we  arrive  at  the 
following  conclusion. 


A singular  integral  of  a differential  equation  of  the  ?ith  order 

will  in  general  satisfy  the  condition  = co  , and  a relation 

which  satisfies  both  this  condition  and  the  differential  equation 
will  be  a singular  integral. 


Ex.  2. 


Applying  this  method  to  the  equation, 

x* 

y-xt/i  + ~2  y%-  (y»  - X^Y - y? = °> 


we  find,  on  differentiating  with  respect  to  yx  and  yt  only, 


\x-2  {yx  - xyt) j dyx  + + 2 x{yx- xyt)  - 2 ya 


dyt  = 0, 


whence 


dVx 


2(,y,-ay.)-a; 

j + 2x  (j/t-xyJ-zy* 


Equating  the  denominator  of  this  expression  to  0,  we  find 

x*  + 4xy. 

and  substituting  this  value  in  the  given  differential  equation, 
clearing  of  fractions,  and  dividing  by  x'+  1,  which  will  present 
itself  as  a common  factor, 

16  x*y  + 1 6y  — Sxsyx  — 16  xyx  — 16 yx  + x*  — 0, 

a singular  integral.  The  equation  given  and  the  result  agree 
with  those  of  Ex.  1, 
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1. 


dx‘ 


— x + sin  x. 


2. 

3. 

4. 


<Py  _ — a* 

da?  (2  ax  — x*)*' 

#1 1 

dxi  V {ay)  ' 

1 il-o 

dad^x  dx~ 


(Py  _2y 
dx^x1' 


. 6. 


d^)g+.+ 


7-  *%+(?£)='■ 

The  two  following  are  reducible  to  Clairaut’s  form. 

s&y 


8 *1-xQl  = 

dx  dad 


q (dy\%  ,.  A -dv  A (dv l 

\dx)  y dd~  dxJ\\dx)  dad)4 


10.  Describe  the  different  kinds  of  homogeneity  in  differ- 
ential equations,  and  explain  their  connexion. 

The  two  following  homogeneous  equations  are  intended  to 
be  solved  by  the  method  developed  in  Art.  3.  Solutions 
obtained  by  the  more  usual  process  will  be  found  in  Gregory’s 
Examples,  p.  334. 


12.  x'^,=  [a>  + ixy)%- if. 


dx 
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13. 


du 

Shew  that  the  linear  equation  + P^  + Qy  = 0, 


belongs  to  one  of  the  homogeneous  classes,  and  is  reducible  to 
an  equation  of  the  first  order  by  assuming  y — er'uU. 


14.  Solve  the  linear  equation  ~~  + P^r  + V — 0- 


15.  Mainardi  has  remarked  (Tortolini,  Vol.  I.  p.  76),  that 
Liouville’s  equation  Art.  7,  becomes  integrable  if  multiplied 

by  the  factor  • Applying  this  method,  deduce  the  com- 
plete primitive. 

16.  Liouville’s  equation  may  also  be  solved  by  suppressing 
the  second  term  and  regarding  the  arbitrary  constant  in  the 
first  integral  of  the  result  as  an  unknown  function  of  x. 

17.  Shew  that  the  equation  ^ + 

tegrable  in  the  following  cases,  viz.  1st,  when  P and  Q are 
both  functions  of  x,  2ndly,  when  they  are  both  functions  of  y, 
3rdly,  when  P is  a function  of  x,  and.  Q a function  of  y. 


18. 


Given 


,ds)  ~ ds  <k*' 


19.  Given  s — V(®*+y*)*  (Transform  to  polar  coordinates.) 

• ch/  • • 

20.  Given  s = a . Determine  the  relation  between  y 

and  x,  so  that  when  x = 0,  we  may  have  y = 0,  and  ^ =0. 


21.  Equations  homogeneous  with  respect  to  x,  y,  and  s can 
be  integrated  by  the  assumption  x = e*,  y — eeu. 

ds  dss 

22.  Given  ^ + 3y  ^ — 0,  required  the  complete  primitive 
relation  between  x and  y. 

23.  8 = + 2<xr). 

24.  s = ^(y,+  ma?). 
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25.  Examine  the  solution  of  Ex.  24,  when  m = 1 and 
when  m — 0. 

an  <Px  ti  . k fdxV 


<rx  _ fi  k fax's, 

di — w* 


27.  Shew  that  x ^r§  is  an  exact  differential  coefficient. 

28.  Shew  that  y*+ (2;cy  — 1)  ^+a:^  + a:I^  = 0 is  an 
exact  differential  equation,  and  deduce  a first  integral. 

29.  The  equation  — , + ^ becomes  integrable  by 

means  of  the  factor  2a^  ^ — 2xy.  (Moigno,  Tom.  II.  p.  672.) 
Deduce  hence  a first  integral. 

30.  Deduce  also  the  complete  primitive. 

31.  Find  a singular  integral  of  the  equation 

dx*  xdxdx?^  ' 


32.  Hence  deduce  a singular  solution  of  the  given  differ- 
ential equation. 

33.  The  complete  primitive  of  the  differential  equation  of 
the  second  order  in  Ex.  31  is  required. 

34.  A first  integral  of  the  differential  equation  of  the 

second  order  y - xyx  + - {yx  - xytf  -y?  = 0 is 

y + f | — a^j  o?  — (1  — 2a)  xyx  — a* — y*  = 0,  where  yx  stands  for 

^ . Hence  deduce  the  singular  integral.  Shew  that  it  agrees, 
and  ought  to  agree,  with  the  result  obtained  in  Art.  10. 

35.  Shew  that  the  complete  primitive  of  the  above  differ- 
ential equation  is  y — ^ a?  + bx  + a*  + b*. 

M 
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36.  The  singular  integral  of  the  differential  equation  of 
the  second  order,  above  referred  to,  has  been  found  to  be 

16  (1  + a?)  y — 8 a?y1  — 16 ary,  + x*  — 16y,2  = 0.  Ex.  2,  Art.  10. 

Shew  that  this  singular  integral  has  for  its  complete  primitive 

(16 y + ix*  + x 4)1  = x (1  + a2)*  — log  {(1  + as*)*  — x)  + h> 

h being  an  arbitrary  constant — and  that  this  is  a singular 
solution  of  the  proposed  differential  equation  of  the  second 
order. 

37.  The  same  singular  integral  has  for  its  singular  solution 
16y  + 4as  — a4  = 0.  Prove  this.  Have  we  a right  to  expect 
that  this  will  satisfy  the  differential  equation  of  the  second 
order  ? 


38.  By  reasoning  similar  to  that  of  Chap.  TUI.  Art.  15, 
shew  that  a singular  integral  of  a differential  equation  of  the 
form  yn  +f{x,  y,  ••.</„_,)  = 0,  will  render  the  integrating 
factor  of  that  equation  infinite.  . 


39.  Differential  equations  of  the  form  —f  can  be 

integrated  by  obtaining  two  first  integrals  of  the  respective 
forms  x—f(p,  c ),  y=f1  (jp,  c),  and  equating  the  values  ofjp. 


40.  Prove  the  assertion  in  Art.  9,  that  a singular  solution 
Of  a singular  integral  of  a differential  equation  of  the  second 
order  is  in  general  no  solution  at  all  of  the  equation  given. 
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GEOMETRICAL  APPLICATIONS. 


1.  In  what  manner  differential  equations  afford  the  appro- 
priate expressions  of  those  properties  of  curves  which  involve 
the  ideas  of  direction,  tangency  or  curvature,  has  been  explained 
in  Chap.  I.  Art.  11. 

Of  the  suggested  problem  in  which  from  the  expression  of 
a property  involving  some  one  or  more  of  the  above  ele- 
ments it  is  required  to  determine,  by  the  solution  of  a dif- 
ferential equation,  the  family  of  curves  to  which  that  property 
belongs,  some  illustrations  have  also  been  given  in  the  fore- 
going chapters. 

Here  we  propose  to  consider  that  problem  somewhat  more 
generally. 

The  following  expressions  furnished  by  the  Differential 
Calculus  are  convenient  for  reference. 


For  a plane  curve  referred  to  rectangular  coordinates  * and 
V , representing  also  by  p,  ^ by  q, 

Tangent  = pS}..+P.  . Subtan  = - . 

P P 

Normal  = y (1  +p7)i'  Subnormal  —yp- 

Intercept  on  axis  x = x — ~. 

Intercept  on  axis  y =y  — xp. 

Dist.  from  origin  to  foot  of  normal  = x+yp 

Perpendicular  from  (a,  b)  on  tangent  = ^ ^ ’ 

Perpendicular  from  (a,  b)  on  normal  = - — . 
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Radius  of  curvature  = + 


(1  +P')' 
2 


Coordinates  (a,  y9)  of  centre  of  curvature 

p (!+;>*)  Q . , 1 +p* 

a — x , B = y-\ i—  . 

2 2 

To  these  may  be  added  the  well-known  formula  for  the  dif- 
ferentials of  arcs,  areas,  &c. 

It  is  evident  from  the  above  forms  that  problems  which 
relate  only  to  direction  or  tangency,  give  rise  to  differential 
equations  of  the  first  order — problems  which  involve  the  con- 
ception of  curvature  to  equations  of  the  second  order. 

When  the  conditions  of  a geometrical  problem  have  been 
expressed  by  a differential  equation,  and  that  equation  has 
been  solved,  it  will  still  be  necessary  to  determine  the  species 
of  the  solution — general,  particular,  or  singular,  as  also  its 
geometrical  significance. 


2.  The  class  of  problems  which  first  presents  itself,  is  that 
in  which  it  is  required  to  determine  a family  of  curves  by 
the  condition  that  some  one  of  the  elements  whose  expressions 
are  given  above  shall  be  constant. 


Ex.  1.  Required  to  determine  the  curves  whose  subnormal 
is  constant. 


Here 


and  integrating, 


y1 

— = ax+c, 
z ’ 


y — (2  ax  + c)1. 

The  property  is  seen  to  belong  to  the  parabola  whose  para- 
meter is  double  of  the  constant  distance  in  question,  and  whose 
axis  coincides  with  the  axis  of  x,  while  the  position  of  the 
vertex  on  that  axis  is  arbitrary. 

Ex.  2.  Required  a curve  in  which  the  perpendicular  from 
. the  origin  upon  the  tangent  is  constant  and  equal  to  a. 

Here  we  have 

y-xp  = a{  1 +/)*, 
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an  equation  of  Clairaut’s  form,  of  which  the  complete  primi- 
tive is 

y = cx  + (1  + c*)1  a, 
and  the  singular  solution 

x*  4-  y'  = a*. 

The  former  denotes  a family  of  straight  lines  whose  distance 
from  the  origin  is  equal  to  a,  the  latter  a circle  whose  centre  is 
at  the  origin,  and  whose  radius  is  equal  to  a.  And  here,  as 
was  noted  generally  by  Lagrange,  the  singular  solution  seems 
to  be,  in  relation  to  geometry,  the  more  important  of  the  two. 

3.  A more  general  class  of  problems  is  that  in  which  it  is 
required  to  determine  the  curves  in  which  some  one  of  the 
foregoing  elements,  Art.  1,  is  equal  to  a given  function  of  the 
abscissa  x. 


Ex.  1.  Required  the  class  of  curves  in  which  the  subtan- 
gent is  equal  to  f(x). 

Here  we  have 


V =/(*) 


dx’ 


whence 


dy 

y 


dx 

7¥v 


Thus  if  the  proposed  function  were  x *,  we  should  have 
y = Ce'K 

as  the  equation  required. 

Ex.  2.  Required  the  family  of  curves  in  which  the  radius 
of  curvature  is  equal  to  f(x). 

Here  we  have 

cfy 

dd?  _ 1 

FI?™' 
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whence,  multiplying  by  dx  and  integrating, 

dx 


* 

dx 


. R 


mmT& 


dx)  j 


X representing  the  integral  of 
braic  solution 

dy 


7» 


= + (Xf  C), 

dx 


/(*)  ' 
X+C 


Hence  we  find  by  alge- 


dx  {1-(A+  0)*]*’ 

f (X+Qdx  c 

y~]{i-{x+cy}*+  " 

in  which  it  only  remains  to  substitute  for  X its  value,  and 
effect  the  remaining  integration. 

If  f(x)  is  constant  and  equal  to  a,  we  find 


x 

x=  -+  G- 
a 


x-*r  aC 


a 


_ f ( x+aC)dx  , n 

1J~J</{a,‘-(x  + aC)a}+01’ 

= -{aa-(x  + aCy\i+C1, 

whence  (y  — C))2  + (x  + aC)1  — a*, 

and  this  represents  a circle  whose  centre  is  arbitrary  in  posi- 
tion, and  whose  radius  is  a. 

A yet  more  general  class  of  problems  is  that  in  which  it  is 
required  that  one  of  the  elements  expressed  in  Art.  1 should  be 
expressed  by  a given  function  of  x and  y. 

An  example  of  this  class  is  given  in  Chap.  vn.  Art.  10. 

4.  We  proceed  in  the  next  place  to  consider  certain  pro- 
blems in  which  more  than  one  of  the  elements  expressed  in 
Art.  1,  are  involved. 
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Ex.  1.  To  determine  the  carves  in  which  the  radius  of 
curvature  is  equal  to  the  normal. 

If  the  radius  of  curvature  have  the  same  direction  as  the 
normal  we  shall  have 


whence 


The  first  side  multiplied  by  dx  is  an  exact  differential  and 
gives 

dy 

,JT*+X=C’ 


whence  again  integrating 

y3  + a?  = 2 cx  + c' (3), 

the  equation  of  a circle  whose  centre  is  on  the  axis  of  x. 


If  the  direction  of  the  radius  of  curvature  be  opposite  to  that 
of  the  normal,  it  will  be  necessary  to  change  the  sign  of  the 
first  member  of  (1).  Instead  of  (2)  we  shall  have 


(4), 


and  this  equation  not  containing  x,  we  may  depress  it  to  the 
first  order  by  assuming  ^ =p-  The  transformed  equation  is 


whence, 


M’lr-p'-1-0' 


pdp  _ dy 

/ + ! y 

y=c(i  +py. 
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Substituting  for  p its  value  ^ , we  find  on  algebraic  solu- 
tion 


dx- 


cdy 


whence,  ® = c'4-clog{y+(y*  — c*)1} 

This  equation,  reduced  to  the  exponential  form 


.(5). 


Hl(' 

is  seen  to  represent  a catenary. 


x-b 

€ a + 6* 


r~b\ 


■(e), 


The  solution  therefore  indicates  a circle  when  the  direction 
of  the  radius  of  curvature  and  of  the  normal  are  the  same,  but 
a catenary  when  they  are  opposed.  The  latter  curve  has, 
however,  many  properties  analogous  to  those  of  the  circle. 
(Lacroix,  Tom.  II.  p.  459.) 


Ex.  2.  To  find  a curve  in  which  the  area,  as  expressed 
by  the  formula  fydx,  is  in  a constant  ratio  to  the  correspond- 
ing arc. 

We  have  y — C (1  +jp*)*, 

which,  agreeing  in  form  with  the  last  differential  equation  of 
the  preceding  problem,  shews  that  (5)  represents  the  curve 
required,  and  connects  together  the  properties  noticed  in  the 
last  two  examples. 


Ex.  3.  Required  the  class  of  curves  in  which  the  length  of 
the  normal  is  a given  function  of  the  distance  of  its  foot  from 
the  origin. 

The  differential  equation  is 

y (i  +/)*=/(.* +yp) (i), 

and  it  belongs  to  the  remarkable  class  discussed  in  Chap.  Yll. 
Art.  9,  where  the  complete  primitive  is  given,  viz. 

y* +(*-«)*  = {/(«)}* (2). 

This  represents  a circle  whose  centre  is  situated  on  the  axis  of 
a;  at  a distance  a from  the  origin,  and  whose  radius  is  equal  to 
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f{a).  It  is  evident  that  this  circle  satisfies  the  geometrical 
conditions  of  the  problem. 

But  there  is  also  a singular  solution,  found  by  eliminating 
the  constant  a between  (2)  and  the  equation  thence  derived  by 
differentiation  with  respect  to  a,  viz. 

x-a+f(a)f(a)=  0 (3). 

For  instance,  if f(a)  = niai  we  have  to  eliminate  a between 
the  equations 

y'  + (x  — a)*  = na, 

2 (x  — a)  + n = 0, 

from  which  we  find 

, ns 

y =nx  + j, 

the  equation  of  a parabola.  While  in  this  example  the  com- 
plete primitive  represents  circles  only,  the  singular  solution 
represents  an  infinite  variety  of  distinct  curves,  each  originat- 
ing in  a distinct  form  of  the  function /(a).  Other  illustrations 
of  this  remark  will  be  met  with. 

The  above  problem  was  first  discussed  by  Leibnitz,  who  did 
not,  however,  regard  its  solution  as  dependent  upon  that  of  a 
differential  equation,  but,  establishing  by  independent  con- 
siderations the  equation  (2),  which  constitutes  in  the  above 
mode  of  treatment  the  complete  primitive  of  a differential 
equation,  arrived  at  a result  equivalent  to  its  singular  solu- 
tion by  that  kind  of  reasoning  which  is  employed  in  the  geo- 
metrical theory  of  envelopes.  Indeed  it  was  in  the  discussion 
of  this  problem  that  the  foundations  of  that  theory  were  laid 
(Lagrange,  Calcul  des  Fonctions,  p.  268). 

5.  A certain  historic  interest  belongs  also  to  the  two  fol- 
lowing problems,  famous  in  the  earlier  days  of  the  Calculus,  viz. 
the  problem  of  ‘ Trajectories  ’ and  the  problem  of  * Curves  of 
pursuit.’  These  we  shall  consider  next.  They  will  serve  to 
illustrate  in  some  degree  the  modes  of  consideration  by  which 
the  differential  equations  of  a problem  are  formed  when  a mere 
table  of  analytical  expressions  suffices  no  longer. 

B.  D.  E.  16 
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Trajectories. 

Supposing  a system  of  curves  to  be  described,  the  different 
members  differing  only  through  the  differing  values  given  to 
an  arbitrary  constant  in  their  common  equation — a curve  which 
intersects  them  all  at  a constant  angle  is  called  a trajectory, 
and  when  the  angle  is  right,  an  orthogonal  trajectory. 

To  determine  the  orthogonal  trajectory  of  a system  of  curves 
represented  by  the  equation 

<£(*>  Vi  c)  =0 (1). 


Representing  for  brevity  <p  ( x , y,  c)  by  <£,  we  have  on  differ- 
entiating 

^=°- 


Hence,  for  the  intersected  curves, 
dy  d<f>  d<f} 

dx  dx'  dy’ 


Now  representing  this  value  by  to,  and  the  corresponding 
value  of  for  the  trajectory  by  to',  we  have,  by  the  condition 

of  perpendicularity,  to'  = ~ * . Hence  for  the  trajectory 


dy  _d<f)  dcf) 
dx  dy  ' dx' 

or  = 0 (2)’ 

which  must  be  true  for  all  values  of  c.  Hence  the  differential 
equation  of  the  orthogonal  trajectory  will  he  found  by  elimin- 
ating c between  (1)  and  (2). 

Were  the  equation  of  the  system  of  intersected  curves  pre- 
sented in  the  form 

<f>  (®,  V i a,  &)  = 0, 
a and  b being  connected  by  a condition 

(a,  b)  = 0, 
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we  should  have  to  eliminate  a and  b between  the  above  two 
equations,  and  the  equation 

<bf>  (x,  y,  a,  b)  ^ d<f>  (x,y,  a,b)  , _ Q 
dy  dx  y 

We  shall  exemplify  both  forms  of  the  problem. 

Ex.  1.  Required  the  orthogonal  trajectory  of  the  system 
of  curves  represented  by  the  equation  y = ex". 


Here  (f>  = y — ex",  whence  by  (2) 

dx  + ncx n_l  dy  = 0. 

Eliminating  c,  • 

xdx  + nydy  = 0 ; 

therefore  x1  + mf  = c', 

the  equation  required.  We  see  that  the  trajectory  will  be  an 
ellipse  for  all  positive  values  of  n except  n = l,— an  ellipse, 
therefore,  when  the  intersected  curves  are  a system  of  common 
parabolas.  The  trajectory  is  a circle  if  n = 1,  the  intersected 
system  then  being  one  of  straight  lines  passing  through  the 
origin.  The  trajectory  is  an  hyperbola  if  n is  negative. 


Ex.  2.  Required  the  orthogonal  trajectory  of  a system  of 
confoeal  ellipses. 


The  general  equation  of  such  a system  is 


a and  b being  connected  by  the  condition 

as-&s  = A*, 

where  h is  the  semi-distance  of  the  foci,  and  does  not  vary  from 
curve  to  curve.  Hence  we  have  to  eliminate  a and  b from  the 
above  equations,  and  the  equation 

§><te-^idy  = 0; 

16—2 
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the  solution  of  which  may  be  deduced  from  that  of  Ex.  3, 
Chap.  vii.  Art.  10,  by  assuming  therein  A = 1,  B = h*.  We 
find 


and  this  may  be  reduced  to  the  form 


al  and  5,  being  connected  by  the  condition 


a*+l*  = h*. 


Thus  the  trajectory  is  a system  of  hyperbolas  confocal  with 
the  given  system  of  ellipses. 


6.  When  the  trajectory  is  oblique,  then  6 being  the  angle 
which  it  makes  with  each  curve  of  the  system,  and  m and  m 
having  the  same  significations  as  before, 


, m + tan  6 

m = ; t — a, 

1 — in  tan  a 


or,  substituting  for  m its  former  value  , and  for  in' 

ax  dy 

its  value  ^ as  referred  to  the  trajectory,  we  have  on  reduction 


, ^ tan  6 — ^ 

dy  _ dy  dx 

dx  ~ d<f>  d<{>  ” 

~ + -r  tan  6 
dy  dx 


(3), 


an  equation  from  which  it  only  remains  to  eliminate  c by 
means  of  the  given  equation  in  order  to  obtain  the  differential 
equation  of  the  trajectory. 

Ex.  Required  the  general  equation  of  the  trajectories  of 
the  system  of  straight  lines  y = ax. 
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Here  $ — y — ax,  whence  by  (3) 

dy  _ tan  9 + a 


dx  l — o tan  9 

_ x tan  9 + y 
x — y tan  6 ’ 


or 


(y  + x tan  9)  dx+  (y  tan  9 — x)  dy  = 0, 


a homogeneous  equation,  an  integrating  factor  of  which  being 
—5-^ — s , we  have 

x+y‘ 

ydx  — xdy  , . n xdx  + ydy  _ 

Ht~/+  ' 

whence  integrating 

tan-1  - + tan  9 log  (x7  + y7)1  — c. 

y 

If  we  change  the  coordinates  by  assuming  x = r cos  <£, 
y = r sin  <f>,  we  get 

* 

r=C1dAa6, 

the  equation  of  a logarithmic  spiral. 

The  following  example,  which  is  taken  from  a Memoir  by 
Mainardi  (Tortolini’s  Annali  di  Scienze  Matematiche  e Fisiche, 
Tom.  I.  251),  is  chiefly  interesting  from  the  mode  in  which  the 
integration  is  effected. 

Required  the  oblique  trajectory  of  a system  of  confocal 
ellipses. 

Representing  the  tangent  of  the  angle  of  intersection  by  n, 
we  have  to  eliminate  a and  b between  the  equations 


x , y*  1 2 is is 

75  + — l»  0—0— A, 


a 


y x 
nl'~a* 


i>  = 


y x 

P + ”aJ 
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The  result  may  be  expressed  in  the  form 

[nx  + y + ( ny  — x)p)  [x  — ny  + {nx  + y)p)  = h 2 (n  — p)  (1  + np). 


To  integrate  this  equation  let  us  assume 


x — ny  + (nx+y)p  = M(l  + np), 

M{nx+y  + ( ny  — x)p } = A*  ( n—p ). 

As  these  on  multiplication  reproduce  the  given  equation, 
the  variable  M is  really  subject  to  a single  condition  only, 
and  the  assumption  is  legitimate. 


Eliminating  p from  the  last  two  equations,  and  dividing 
by  1 + »a,  we  have 

[a?  + if  + c8)  x {M*  + h*) (a). 


Differentiating  this  equation  and  eliminating  y and  p from  the 
result  by  the  aid  of  any  two  of  the  last  three  equations  (it 
is  evident  that  two  only  are  independent),  we  obtain  a 
differential  equation  between  M and  x,  which  is  capable  of 
expression  in  the  form 


nd  (xM)  , 
{Aa  {xM)  - (xif)*}1 


Hence,  by  integration 

nw  \ 

2"tan'^/(s$'~1)+log  1+ 

in  which  it  is  only  necessary  to  substitute  for  M its  value  in 
terms  of  x and  y deduced  from  (a). 


Curves  of  Pursuit. 

7.  The  term  curve  of  pursuit  is  given  to  the  path  which 
a point  describes  when  moving  with  uniform  velocity  toward 
another  point  which  moves  with  uniform  velocity  in  a given 
curve. 
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Let  x,  y be  the  coordinates  of  the  pursuing  point,  x,  y the 
simultaneous  coordinates  of  the  point  pursued.  Also  let  the 
equation  of  the  given  path  of  the  latter  be 

/(*',/)  = 0 (4). 

Now  the  point  pursued  being  always  in  the  tangent  to  the 
path  of  the  point  which  pursues,  its  coordinates  must  satisfy 
the  equation  of  that  tangent.  Hence, 

V = (*’“*)  (5)’ 


Lastly,  the  velocities  of  the  two  points  being  uniform,  the 
corresponding  elementary  arcs  will  be  in  the  constant  ratio  of 
the  velocities  with  which  they  are  described.  Hence,  if  the 
velocity  of  the  pursuing  point  be  to  that  of  the  point  pursued 
as  n : 1,  we  have 

n V (<2®**  4-  dy*)  = V [da?  + dy1), 
or,  taking  x as  independent  variable, 

V{®T+(I)1V{1+(D1 (6>' 


the  sign  to  be  given  to  each  radical  being  positive  or  negative, 
according  as  the  motion  tends  to  increase  or  to  diminish  the 
corresponding  arc. 

From  (5)  and  (6),  when  the  form  of  the  function  f(x',  y')  is 
determined,  x and  y may  be  found  in  terms  of  x,  y,  and  ~ , 
and  these  values  enable  us  to  reduce  (4)  to  an  equation  be- 
tween x,  y,  . It  only  remains  to  solve  this  differ- 

ential equation  of  the  second  order.  If  the  signs  of  the 
radicals  are  both  changed,  the  motion  in  each  curve  is  simply 
reversed,  and  the  curve  of  pursuit  becomes  a curve  of  flight. 
But  the  differential  equation  remaining  unchanged,  the  forms 
of  the  curves  are  unchanged,  and  only  their  relation  inverted. 

Ex.  A particle  which  sets  off  from  a point  in  the  axis  of  x, 
situated  at  a distance  a.  from  the  origin,  and  moves  uniformly 
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in  a vertical  direction  parallel  to  the  axis  of  y,  is  pursued  by 
a particle  which  sets  on  at  the  same  moment  from  the  origin 
and  travels  with  a velocity  which  is  to  that  of  the  former  as 
nil.  Required  the  path  of  the  latter. 

The  equation  of  the  path  of  the  first  particle  being  x = a, 
(5)  becomes 

' t \ 

v 

whence 

. / » dy 

y =y  + (a-x)-£c. 

Thus  we  have 


dx  dy  . . d'y 


and  the  differential  equation,  both  radicals  being  positive,  is 

S "VI1 + (*)} (o)- 


Hence, 


<?y 

dx' 


/Fi*1"11' 

Multiplying  by  dx  and  integrating 

T^\/{i+C£)}”c{a~x)~'': 

~ ~^.(a  ~ x)’}. 


Hence,  if  n be  not  equal  to  1, 


(S). 
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But  if  n be  equal  to  1,  we  have,  on  substituting  G for 


whence 


ar+c. 


(c), 


which  represents  a parabola. 

8.  The  class  of  problems  which  we  shall  next  consider  is 
introduced  chiefly  on  account  of  the  instructive  light  which  it 
throws  upon  the  singular  solutions  of  differential  equations  of 
the  second  order. 


Inverse  Problems  in  Geometry  and  Optics . 

The  problems  we  are  about  to  discuss  are  the  following : 
1st,  To  determine  the  involute  of  a plane  curve.  2ndly,  To 
determine  the  form  of  the  reflecting  curve  which  will  produce 
a given  caustic , the  incident  rays  being  supposed  parallel. 

In  both  these  problems  we  shall  have  occasion  in  a parti- 
cular part  of  the  process  to  solve  a differential  equation  of  the 
first  order  of  the  form 

y-x<t>  ( p ) (p)  -4>  {p)f~l<f>  ( p ) (7), 

in  which  <f>  and/  are  functional  symbols  of  given  interpretation, 
and/'-1  is  a functional  symbol  whose  interpretation  is  inverse 
to  that  of  the  symbol/'.  Thus,  if f[x)  = sin  a;,  then 

f ( x ) = cos  x,  /'“*  (x)  = cos-1  x. 

It  will  somewhat  less  interrupt  the  theoretical  obser- 
vations for  the  sake  of  which  the  above  problems  are  chiefly 
valuable,  if  we  solve  the  equation  (7)  under  its  general  form 
first. 

Referring  to  Chap.  vn.  Art.  7,  we  see  that  (7)  will  become 
linear  if  we  transform  it  so  as  to  make  either  of  the  primitive 
variables  the  dependent  variable,  and  either  p or  any  function 
o ip  the  independent  variable. 
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Let  us  then  assume 

<f>{p)=v, 

and  transform  the  differential  equation  so  as  to  make  x and  v 
the  new  variables. 

Substituting  v for  cf>  (p)  in  (7),  we  have 

y- xv  =//-'  (v)  - vf*  (v) (8). 


Differentiating,  and  regarding  v as  independent  variable, 


t - ■ ■ - ■ % - ■ s r w ■ - r <•»  ■ - 4/-  w 


dv 


dv' 


But 


Hence, 


or, 


w 


5^* 


{0-*  (t>)  - v)  -jr  - * = 1 (t>), 

dfo  , a _ Z-1  (u) 

efo  v — $-1  (t>)  u — 1 (u)  * 


Hence,  if  for  brevity  we  write 

«• 

we  have 

a = e-+M  [C+f<* « ir’ (v)  f1  (v)  dv] 

= e“+  W { C + e*(’>  /'-1  (r)  - /€*<«>  rf/'-1  («) },  . 

whence 

*-/»  = (10), 

between  which  and  (8),  v must  be  eliminated. 
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If  in  those  equations  we  make  f~l  (v)  = t,  they  assume  the 
somewhat  more  convenient  form, 


and  these  may  yet  further  be  reduced  to  the  form 


x — t 


y — f{t)  C-J^dt 

f\t) 


(11). 


From  these  equations  it  only  remains  to  eliminate  t,  the 
forms  of  f and  <f>  being  specified,  and  that  of  t/r  given  by  (9); 
and  this  is  apparently  the  simplest  form  of  the  solution. 


9.  We  shall  now  proceed  to  the  special  problems  under  con- 
sideration. 


To  determine  the  involute  of  a plane  curve. 

It  is  evident  from  the  equations  which  present  themselves 
in  the  investigation  of  the  radius  of  curvature,  that  if  x,  y be 
the  coordinates  of  any  point  in  a plane  curve,  and  x',  y those 
of  the  corresponding  point  in  the  evolute,  then 

, p(l+p*)  , , l+/>* 

* y =y+q’ 

where  p = ^ , q — (Todhunter’s  Differential  Calculus , 
p.  295).  Hence,  if  the  equation  of  the  evolute  be 

y'  =/(*') (12), 


we  shall  have  on  substituting  therein  for  y and  x the  values 
above  given, 

»+! ^=4-^} (13). 

a differential  equation  of  the  second  order  connecting  x and  y, 
and  therefore  true  for  each  point  of  the  curve  whose  evolute  is 
given.  Of  that  evolute  the  curve  in  question  is  an  involute. 
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Hence,  if  y' =f{x')  be  the  equation  of  a given  curve,  the 
equation  of  its  involute  will  satisfy  the  differential  equa- 
tion (13). 


Now  suppose  that  nothing  was  known  of  the  genesis  of  the 
above  equation,  and  that  it  was  required  to  deduce  its  complete 
primitive,  and  its  singular  solution,  should  such  exist. 


Upon  examination  the  equation  (13)  will  prove  to  be  of  a 
kind  analogous  to  that  of  Cnap.  vil.  Art.  9.  If  we  assume 

= « (II), 


P (1  +/) 
2 


(15), 


a and  b being  arbitrary  constants,  we  shall  find  that  each  of 
these  leads  by  differentiation  to  the  same  differential  equation 
of  the  third  order,  viz. 

¥2*-(l+i>*)r  = 0 (16), 

cl^TJ 

where  r stands  for  . It  follows  hence,  that  a first  integral 

of  (13)  will  be  found  by  eliminating  q between  (14)  and  (15), 
and  connecting  the  arbitrary  constants  b and  a by  the  relation 


b =f  (a).  Eliminating  q,  we  find 

x-a+{y~b)p  = 0 (17), 

wherein  making  5=/(a),  we  have 

x-a  + {y-f{a)}p  = 0 (18), 


for  the  first  integral  in  question.  Again,  integrating,  we  have 


(®-a)*  + {y-/(a)}*  = r* (19), 

in  which  a and  r are  arbitrary  constants.  This  is  the  complete 
primitive  of  (13).  It  is  manifest  from  its  form  that  it  repre- 
sents, not  the  involute  of  the  given  curve,  but  the  circles  of 
curvature  of  that  involute.  Indeed,  that  the  complete  primi- 
tive cannot  represent  the  involute  might  have  been  affirmed 
a priori.  The  equation  of  the  involute  of  a given  curve  cannot 
involve  in  its  expression  more  than  one  arbitrary  constant; 
for  the  only  element  left  arbitrary  in  the  mechanical  genesis 
of  the  involute  is  the  length  of  a string. 
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It  remains  to  examine  tlie  singular  solution  of  (13).  This 
is  most  easily  deduced  by  eliminating  a between  the  first  in- 
tegral (18)  and  its  derived  equation  with  respect  to  a,  viz.  be- 


tween the  equations 

x — a + {y  —f{a)}p  = 0 (20), 

-l-f'(a)p  = 0 (21). 

From  the  second  of  these  we  have 


/'M-y 


Hence  eliminating  a from  (20) 

or  x+yp  -f"1  (y)  +pff"1  (y) (22), 

which  is  the  singular  solution  of  (13),  and  the  differential 
equation  of  the  first  order  of  the  involute  sought. 

This  equation  is  a particular  case  of  (7).  If  we  express  it 
in  the  form 

we  see  that  it  is  what  (7)  would  become  on  making 

£(*)=“• 

Hence  comparing  with  the  general  solution  (11)  we  have 


* M— r- 

+ (t>)  l°g(»*  + 1)',  by  (22). 
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Thus  the  system  (11)  becomes 

, . ?-/«)  c-jji+fm'dt 
7X0  " {i+/(0? 


(23). 


The  final  solution  is  therefore  expressed  in  the  following 
theorem. 

Given  the  equation  of  a curve  in  the  form  y =f(x),  that 
of  its  involute  is  found  by  eliminating  t from  the  system  (23). 


10.  Parallel  rays  incident,  in  a given  direction,  on  a reflect- 
ing plane  curve  produce  after  reflection  a caustic  whose  equa- 
tion is  given.  The  equation  of  the  reflecting  curve  is  required. 

Let  IP  be  a ray  incident  parallel  to  the  axis  of  a;  on  a point 
P in  the  reflecting  curve  8PM,  Fig.  1,  PP  Q the  reflected  ray 
cutting  the  axis  of  x in  Q and  touching  the  caustic  8' P'M'  in 
P.  Let  x,  y be  the  coordinates  of  P,  x',  y'  those  of  P'.  Let 
the  equation  of  the  caustic  be  y =f{x). 

It  is  an  easy  consequence  of  the  law  of  reflection  that  the 
angle  PQX  which  the  reflected  ray  makes  with  the  axis  of  x 
is  double  of  the  angle  PTX  made  by  the  tangent  at  P with 
the  axis  of  x.  This  at  once  gives  us  the  equation 

y-y'_  2 p 

x — x 1 — JP** 


where 


p = ^ . Hence 


y-y 


_2 P_ 

1 


(x  — x)  = 0. 


.(24). 


As,  however,  ( x , y)  is  a point  at  which  consecutive  re- 
flected rays  intersect,  we  are  permitted  to  differentiate  the 
above  equation  regarding  x and  y as  constant  while  x and  y 

• d\ 

vary.  We  thus  obtain,  representing  by  q, 

p *'-)  2?  (1  -p*)  + iptq_0 
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or 


whence 


~ P-P 8 o 

1-/  ^ (1  -p')'  U’ 

(1  - j>*) 


x — x 


and 


2j 

2q 


Substituting  this  value  in  (24),  we  have 
y ~y  ~ l —p*  " 2q 


IP  x p{l-pv)_-pt 


whence 


y'-y+t 


.(25). 


.(26). 


Were  the  equation  of  the  reflecting  curve  given  and  that  of 
the  caustic  required,  it  would  only  be  necessary  to  substitute 
in  (25)  and  (26)  the  values  of  p and  <j  in  terms  of  x and  y derived 
from  the  former,  and  then  by  eliminating  x and  y from  the 
three,  to  deduce  the  relation  between  x and  y. 

Conversely,  to  determine  the  reflecting  curve  we  must  elimi- 
nate x and  y from  (25),  (26)  and  the  equation  of  the  caustic, 
viz.  y'  —fix).  The  result  which  is  obtained  by  mere  substi- 
tution is 

y+f  =/{X+i>fl2g/>)} (2,)’ 

a differential  equation  of  the  second  order,  the  solution  of 
which  will  determine  in  the  fullest  manner  the  possible  rela- 
tions between  x and  y which  are  consistent  with  the  conditions 
of  the  problem. 

Were  this  equation  given  and  nothing  known  respecting  its 
origin,  we  might  at  once  infer  that  it  is  of  a class  analogous  to 
those  of  Chap.  VII.  Art.  9.  For  writing 

(28), 

we  find  that  each  of  these  leads  by  differentiation  to  the  same 
differential  equation  of  the  third  order.  For  the  first  gives 
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while  the  second  gives 


3 

2 


(1  -f)pr 


and  these  lead  to  the  same  value  of  the  differential  coefficient 
of  the  third  order  r,  viz. 


r = 


P ’ 


this  constituting  the  essential  criterion  of  agreement  between 
differential  equations  of  the  third  order. 

Accordingly,  eliminating  q from  (28)  and  afterwards  making 
b —f{a)  by  virtue  of  (27),  we  find 


P 1 ~P* 
f{a)-y  2 (a  — ce)  ’ 


or 


y “/(«)  = 


(29), 


which  is  a complete  first  integral  of  (27).  We  see  that  it  agrees, 
and  necessarily  so,  with  (24),  a only  taking  the  place  of  x'  and 
f(a)  that  of  y . 

The  complete  integral  of  (29)  will  be  found  to  be 

{y  —/(«)}*=  4m  (x  — a)  + 4m* (30), 

m being  an  arbitrary  constant.  And  this  is  the  complete 
primitive  of  (27).  If  we  substitute  x for  a,  which  we  may 
without  loss  of  generality  do,  then  f(a)  =f{x)  =y,  so  that 
the  above  equation  gives 

(y  - y’Y  = 4 m(x-x'  + m) (31) ; 

and  this  is  evidently  the  equation  of  a parabola  whose  axis  is 

{jarallel  to  the  axis  of  x,  whose  focus  is  upon  the  caustic  curve, 
rut  which  is  in  no  other  way  limited.  The  complete  primitive 
of  (27)  represents  then  a system  of  such  parabolas. 

It  is  plain  that  any  such  system  does  constitute  a true  solu- 
tion of  the  problem,  rays  falling  upon  the  interior  arc  of  a 
parabola,  and  parallel  to  its  axis,  being  accurately  reflected  to 
the  focus. 
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It  remains  to  deduce  the  singular  solution  of  (27).  Differ- 
entiating its  first  integral  (29)  with  respect  to  a,  we  have 

-/(«>— r?7< 

whence  a =f'~1  > 

and  substituting  this  in  (29) 

01  y - t=j> x =//"  (137)  - (nrp)  ••••(«*)• 

This  is  the  differential  equation  of  the  involute.  Its  com- 
plete integral  may  be  deduced  from  the  general  solution  in 

2» 

Art.  8,  by  making  <f>  (p)  = - r % , -whence  we  have 


yjrM  . (—in. = f o4l 

Y{)  Jv-d>‘(v ) Ji>*+1-(1 


x — t 


....(33), 


■ <pTl  («)  J v*  + 1 — (1  + 1>*)* 

= log  {1  + V(1  + «*)}. 

Hence  the  system  (11)  becomes 

y-M  a-/[i  + V{i +/«)’}]* 

• f(t)'  i +v{i  +/m 

from  which,  after  the  integration  has  been  effected,  t must  be 
eliminated. 

If,  as  before,  we  replace  t by  x',  and  f(t)  by  y and  there- 
by 

fore  f (t)  by  -j-, , then,  since  we  have 

V{1  +f{tY}dt  = ds' 

where  s'  represents  the  arc  of  the  caustic,  the  above  system 
assumes  the  following  form, 

t n t r 

. y-y  c~x  ~s 

4l  1 

*■ 


x — x 


dx 


37 

dx 


B.  D»  E. 


.(34), 

17 


Digitized  by  Google 


258 


INTRINSIC  EQUATION  OF  A CURVE. 


from  which,  when  s'  is  determined,  x'  and  y must  be  eliminated 
by  means  of  the  equation  of  the  given  curve. 

From  the  above  it  appears  that,  the  incident  rays  being 
parallel,  the  reflecting  curve  can  always  be  determined  when 
the  caustic  can  be  rectified. 

We  see  also  from  the  nature  of  the  connexion  between  the 
singular  solutions  and  the  ordinary  primitives  of  differential 
equations,  that  the  reflecting  curve  is  in  reality  the  envelope  of 
a system  of  parabolas  whose  axes  are  parallel  to  the  direc- 
tion of  incident  rays,  whose  foci  are  on  the  caustic,  and 
whose  parameters  are  subject  to  such  a relation  as  makes  that 
envelope  to  have  contact  of  the  second  order  with  the  curves 
out  of  whose  differential  elements  it  is  formed.  It  is  not 
merely  an  envelope,  but  an  osculating  envelope. 

Analogy  makes  it  evident  that  when  the  rays  instead  of 
being  parallel  issue  from  a given  point,  the  reflecting  curve  is 
the  osculating  envelope  of  a system  of  ellipses,  each  of  which 
has  one  focus  at  the  radiant  point,  and  the  other  on  the  arc  of 
the  caustic,  the  elliptic  elements  being  further  so  conditioned 
as  to  render  such  osculation  possible. 

Lastly,  it  is  plain  that  the  problem  of  caustics  in  its  direct 
and  in  its  inverse  form,  as  stated  above,  is  in  strict  analogy 
with  the  direct  and  the  inverse  form  of  the  problem  of  curva- 
ture, osculating  parabolas  and  ellipses  occupying  the  place  and 
relation  of  osculating  circles. 

The  above  examples  might  also  be  treated  by  a remarkable 
method,  the  consideration  of  which  will  fitly  close  this  chapter. 

Intrinsic  Equation  of  a Curve. 

11.  There  are  certain  problems,  the  solution  of  which  is 
much  facilitated  by  the  employment  of  what  Dr  Whewell  has 
happily  termed,  the  intrinsic  equation  of  a curve,  viz.  the 
equation  which  expresses  the  relation  between  the  length  of  an 
arc  and  the  angle  through  which  it  bends,  the  latter  being  in 
more  precise  language  the  angle  of  deviation  of  the  tangent 
from  the  tangent  at  the  origin.  These  elements  are  called 
intrinsic  because  they  are  independent  of  any  external  lines  of 
reference,  and  it  will  be  noted  that  they  form  a system  dif- 
fering essentially  from  all  systems  of  coordinates  which  begin 
by  the  defining  of  the  position  of  a point,  and  in  the  applica- 
tion of  which  a curve  is  contemplated  as  a collection  of  points. 
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The  conceptions  of  length  and  deviation  upon  which  the 
above  system  is  founded,  might  he  replaced  by  the  not  less  fun- 
damental conceptions  of  length  and  curvature,  the  equation  of 
the  curve  being  then  expressed  in  terms  of  its  radius  of  curva- 
ture at  the  extremity  of  an  arc  and  the  length  of  that  arc.  Or, 
in  place  of  either  of  these  systems,  we  might  employ  that  which 
defines  a curve  by  the  relation  which  connects  the  curvature  at 
any  point  with  the  deviation  of  the  tangent.  Of  the  three  ele- 
ments, of  length,  curvature,  and  deviation,  any  two  indeed 
will  together  constitute  an  equivalent  system.  Euler,  in  a 

5 articular  class  of  problems,  employed  the  combination  last 
escribed.  Here  we  shall  select  the  one  first  mentioned,  and 
shall  borrow  our  chief  illustrations  of  its  use  from  the  memoir 
of  Dr  Whewell  [Cambridge  Philosophical  Transactions,  Vol. 
VIII.  p.  659). 

Representing  by  s the  variable  length  of  an  arc  the  begin- 
ning of  which  is  assumed  as  origin,  and  by  <j>  the  corresponding 
angle  of  deviation,  the  intrinsic  equation  is  of  the  form 

•-/(*) (35). 

Thus  in  fig.  2,  SP=s  and  A TS  — <f). 

From  this  equation  the  ordinary  equation  in  rectangular  co- 
ordinates may  be  found  in  the  following  manner.  Still  taking 
the  beginning  of  the  arc  as  origin,  let  the  tangent  at  that  point 
be  taken  as  the  axis  of  x,  then  will  the  element  of  the  curve 
ds  be  inclined  at  an  angle  <f>  to  the  axis  x.  Its  projection  on 
the  axis  of  x will  therefore  be  cos  <f>ds,  and  this  being  the  dif- 
ferential element  of  the  coordinate  x,  we  have 

dx  — cos  <f>ds  — cos  <f)f  (<f>)  d<f>,  by  (35). 


Hence  x = / cos  <f>f  ( <f> ) d(f>.... (36), 

and  by  symmetry 

y = /sin  <£/'  ((f))  dcf> (37). 


Between  these  equations  after  integration  <f>  must  be  eliminated ; 
the  result  involving  x,  y and  two  arbitrary  constants  will  be 
the  equation  required. 


It  is  worth  while  to  notice  that  the  above  result  may  be 
obtained  independently  of  the  consideration  of  a projection. 


For  since  s = Jjl  + j dx,  we  have 


17—2 
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whence  |l  + • dx  =/'  (<£)  d(f> (38) . 

But,  since  ^ = tan  <b,  the  above  becomes 
dx 

sec  (f>dx  —f  (</>)  d(f>, 

dx  — cos  <f)f  (<f>)  d<f>, 
x=fcos<f>f  ((f))  d<f>, 

and  in  like  manner  employing  for  s the  equivalent  formula 


y—$  sin  <f)f  (<}>)  d<f), 

which  agree  with  the  previous  expressions. 

Another  consequence  should  also  be  noted.  From  (38)  we 


Now  the  first  member  being  the  expression  for  the  radius  of 
curvature  p of  the  given  curve,  we  have 

P=fW (39). 

Thus  the  radius  of  curvature  is  determined. 
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12.  Given  the  ordinary , to  deduce  the  intrinsic  equation 
of  a curve. 

The  values  of  s and  </>  having  been  first  expressed  in  terras 
of  the  co-ordinates,  it  only  remains  to  eliminate  those  co- 
ordinates between  the  two  equations  thus  formed  and  the 
equation  given. 

Ex.  To  determine  the  intrinsic  equation  of  the  equi- 
angular spiral. 

The  polar  equation  of  the  curve  being  r = Ceme,  the  arc  s 
beginning  from  6 = 0 is,  by  ordinary  integration,  found  to  be 

. = (<-  - 1). 

m 

Again,  as  the  curve  cuts  all  its  radii  at  the  same  angles  the 
deflection  of  the  are  between  two  radii  vectores  is  equal  to  the 
angle  between  the  radii  themselves.  Hence  the  deflection  of 
the  arc  beginning  with  6 = 0 is  measured  by  6.  Therefore 
(f>  = 6,  and  the  intrinsic  equation  becomes 

g(m*-l)* 

m 

From  this  it  appears  that  any  intrinsic  equation  of  the  form 

s = a(em+- 1)  (40) 

will  represent  an  equiangular  spiral. 

Given  the  intrinsic  equation  of  a curve,  to  deduce  that  of  its 
evolute. 

Considering  the  given  curve  as  formed  by  the  unwinding  of 
a string  from  its  evolute,  any  arc  of  the  former  may  be  said  to 
correspond  to  that  arc  of  the  latter  by  the  unwinding  of  the 
string  from  which  it  is  formed.  Thus  if  s',  <f>'  represent  ele- 
ments of  the  evolute  corresponding  to  s,  4>  in  the  given  curve, 
then  the  origin  of  s'  is  that  point  of  the  evolute  whose  tangent 
forms  the  radius  of  curvature  at  the  origin  of  s. 

This  premised,  it  is  evident  that  we  shall  have 
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For  the  extreme  differential  elements  of  the  arc  of  the  evolute 
are  respectively  perpendicular  to  the  corresponding  extreme 
differential  elements  of  an  arc  of  the  given  curve.  Hence  the 
inclination  of  the  former  being  equal  to  that  of  the  latter,  the 
value  of  <f>  is  the  same  for  both. 

Secondly,  any  arc  of  the  evolute  is  by  a known  property 
equal  to  the  difference  of  the  radii  of  curvature  of  the  ex- 
tremities of  the  corresponding  arc  of  the  given  curve.  Hence 
if  p0  represent  the  radius  of  curvature  at  the  origin  of  the 
given  curve,  we  shall  have 

0),by  (39), 

and,  substituting  </>'  for  (f>, 

s'  =/W  -/( o). 

Dropping  the  accents,  we  may  therefore  affirm  that  if  the 
intrinsic  equation  of  a curve  is  that  of  its  evolute 

will  be  s=f{(f> ) 

Ex.  The  intrinsic  equation  of  the  logarithmic  spiral  is 
s —a  (em4  — 1).  Hence  that  of  its  evolute  is 

8 = mae™*  — ma 
— ma  (e™*  — 1), 
which  also  denotes  a logarithmic  spiral. 

Given  the  intrinsic  equation  of  a curve  in  the  form  s =f  ( <f> ) 
wherein  f((f>)  vanishing  with  (f>  is  supposed  capable  of  expan- 
sion in  the  form 

/(<#>)  = M + A<t>*  + A4>*  + (4i), 

required  the  general  intrinsic  equation  of  the  involute. 

As  to  any  curve  there  belong  an  infinite  number  of  invo- 
lutes depending  on  the  different  values  given  to  that  initial 
tangent  to  the  curve  which  forms  the  initial  radius  of  curva- 
ture of  the  involute,  we  shall  represent  the  arbitrary  value  of 
that  initial  tangent  by  G. 

Now  if  s = F(<f>)  be  the  intrinsic  equation  of  the  involute, 
we  have  by  the  last  proposition 

*"(*)  -*"( 0) -/(*). 


Digitized  by  Google 


INTRINSIC  EQUATION  OF  A CURVE. 


263 


But  F'(0),  "being  the  initial  radius  of  curvature  of  the  involute, 
is  equal  to  C.  Hence  the  above  equation  may  be  expressed 
in  the  form 


whence 


*(«  -mfw+c*+c\ 


...  + C<f>  + C'. 


Hence  F (<f>)  vanishing  with  <p,  we  must  have  C'=  0.  Thus 
the  intrinsic  equation  of  the  involute,  under  the  condition  that 
its  initial  radius  of  curvature  is  a,  will  be 

s = d<f>  + a<f> (42). 

If,  for  distinction’s  sake,  we  represent  the  arc  of  the  invo- 
lute by  s',  the  equation  may  be  expressed  in  the  form 

s'  = J (a  + s)  d<f> (43). 

It  is  to  be  remembered  that  the  lower  limit  of  the  integral  is  0. 

The  following  proposition  from  the  memoir  of  Dr  Whewell 
referred  to,  will  illustrate  the  application  of  the  above  theo- 
rems. 

Let  any  curve  be  evolved,  and  the  involute  evolved,  and 
the  involute  of  that  evolved,  beginning  each  evolution  from 
the  commencement  of  the  curve  last  formed,  and  with  a “ rec- 
tilineal tail”  which  is  of  constant  length  for  all.  The  curves 
tend  continually  to  the  form  of  the  equiangular  spiral. 

Let  s,  s',  s",  &c.  be  the  successive  curves,  <f>  the  angle  which 
is  the  same  for  all,  and  let  the  tails  represented  in  fig.  3,  by 
AA',  A'A'\  A" A'",  &c.  be  each  equal  to  a. 

Then  representing  the  equation  of  the  given  curve  by 
s =f(<f>),  we  have  for  the  first  involute  the  equation 

s'  = f(a  + s)  d<f>  = a(f>  + jf  (<f>)  d<f>, 

-/(a  + ,")<*#■  = «■*>  + + ////«>) 
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and  in  general 


„<»>_ 


a*  + T. 


acf?  acf>3 
~~2  + 1 . 2 . 3 


• + 


a(f>n 


1.2  ...n 


+/■/»)#*•••(«*)• 


Now  giving  to /(</>)  the  form  (41),  we  have 


/-/(<#>)  - 


^,r 

1 . 2 ...ra+  1 


1 . 2 ...»  + 2 


•&c. 


We  see  then  that  the  first  n terms  of  the  expression  for  a1"'  in 
terms  of  <p  are  unaffected  by  the  form  of  the  function 
while  those  which  remain  are  affected  with  coefficients  which 
tend  to  0.  Thus  the  limiting  form  of  (44)  becomes 


8m  = a<j>  4 


±_ 

. 2 


a<f>a 

1.2.3 


+ &c. 


= a (e4  — 1) (45). 

Now  this  is  the  equation  of  an  equiangular  spiral. 


EXERCISES. 

1.  Determine  the  curve  whose  subtangent  varies  as  the 
abscissa. 

2.  Determine  the  curve  whose  normal  varies  as  the  square 
of  the  ordinate.  * 

3.  Shew  that  the  curve  in  which  the  radius  of  curvature 
varies  as  the  cube  of  the  normal  is  a conic  section. 

4.  Find  a curve  in  which  the  length  of  the  arc  is  in  a 
constant  ratio  to  the  intercept  cut  off  by  the  tangent  from  the 
axis  of  x. 

5.  Shew  that  the  above  is  a particular  case  of  curves  of 
pursuit. 

6.  Find  the  orthogonal  trajectory  of  a system  of  circles 
touching  a given  straight  line  in  a given  point. 
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7.  Find  the  orthogonal  trajectory  of  the  system  of  ellipses 

defined  by  the  equation  ^ ^ = 1,  b being  the  variable 

parameter. 

8.  Find  the  equation  referred  to  polar  co-ordinates  of  the 
curve  in  which  the  radius  vector  is  equal  to  in  times  the 
length  of  the  tangent. 

9.  Required  the  form  of  a pendent  in  Gothic  architecture 
supposed  to  be  a solid  of  revolution,  such  that  the  weight  to 
be  supported  by  each  horizontal  section  shall  be  proportional 
to  the  area  of  that  section. 

10.  Required  the  curve  in  which  s = ax'. 

11.  A curve  is  defined  by  this  property;  viz.  that  the 
radius  of  curvature  at  any  point  is  a given  multiple  (n)  of  the 
portion  of  the  normal  intercepted  between  the  point  and  the 
axis  of  absciss* ; prove  that  the  length  of  any  portion  of  the 
curve  may  be  finitely  expressed  in  terms  of  the  ordinates  of 
its  extremities.  ( Cambridge  Problems,  1849.) 

12.  Find  a differential  equation  of  the  first  order  of  the 
curve  whose  radius  of  curvature  is  equal  to  n times  the  nor- 
mal, and  shew  that  this  is  always  integrable  in  finite  terms  if 
n be  an  integer. 

13.  Shew  that  if  « = 2 the  curve  is  a cycloid,  if  n = 1 a 
circle,  if  n — — 1 a catenary. 

%14.  The  curve  whose  polar  equation  is  rm  cos  md  = am  rolls 
on  a fixed  straight  line.  Assuming  that  straight  line  as  the 
axis  of  x,  shew  that  the  locus  of  the  curve  described  by  the 
pole  of  the  rolling  curve  will  have  for  its  equation 


(Frenet,  Reeiieil  d' Exercises  sur  le  Calcul  Infinitesimal.) 

Note.  To  solve  problems  like  the  above,  we  observe  that  if  RTS,  Fig.  4, 
represent  the  given  curve  rolling  on  the  given  line  OX,  and  APC  the  curve 
described  by  the  pole  P,  then  taking  OX  for  the  axis  of  jt,  and  putting  OM=  x, 
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MPs=y,  the  straight  line  PT  joining  that  pole  with  the  point  of  contact  will  be  a 
radius  vector  of  the  given  curve,  but  a normal  of  the  described  curve.  Hence 

’■-v/H£)’} <»>■ 

Again,  PM  is  the  perpendicular  let  fall  from  the  pole  upon  the  tangent  of  the 
given  curve,  but  the  ordinate  y of  the  required  curve.  Hence 

r*dB 

V^r»+rW]  “ y W’ 

By  means  of  a,  b,  and  the  equation  of  the  given  curve,  eliminating  r and  6,  we 
obtain  the  differential  equation  of  the  curve  sought. 

15.  In  the  particular  case  of  m = ^ the  rolling  curve  will 
be  a parabola,  the  pole  its  focus,  and  the  described  curve  a 
catenary. 

16.  If  m = 2,  the  rolling  curve  is  an  equilateral  hyperbola, 
the  pole  its  centre,  and  the  described  curve  an  elastica. 
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CHAPTER  XII. 

ORDINARY  DIFFERENTIAL  EQUATIONS  WITH  MORE  THAN 
TWO  VARIABLES. 

1.  The  class  of  equations  which  we  shall  first  consider  in 
this  Chapter,  is  represented  by  the  typical  form, 

Pdx  + Qdy  + Bdz  = 0 (1), 

P,  Q and  R being  functions  of  the  variables  x,  y,  z;  and  it 
is  usually  termed  a total  differential  equation  of  the  first  order 
with  three  variables. 

Possibly  the  first  observation  suggested  by  the  examination 
of  this  form  will  be,  that  it  does  not  answer  to  the  definition 
of  a differential  equation,  as  the  expression  of  a relation  in- 
volving differential  coefficients,  Chap.  I.  And  certainly  it 
does  not  exhibit  their  notation.  If,  however,  we  attempt  to 
attach  a meaning  to  the  general  form  (l)j  we  shall  perceive 
that  the  idea  of  a limit  is  involved  essentially.  And  if  we 
study  its  origin,  we  shall  see  that  this  idea  may  be  expressed, 
here  as  elsewhere,  in  the  language  of  differential  coefficients. 

For  (1)  is  not  understood  as  implying  simply  that  the 
expression, 

PAx  + QAy  + RAz (2), 

approaches  to  the  value  0 when  the  increments  Ax,  Ay,  A z 
approach  that  value,  true  though  it  be  that  the  vanishing 
of  the  increments  causes  that  expression  to  vanish  with  them. 
But  what  (1)  is  always  understood  to  express  is,  that  in  the 
approach  to  the  limiting  state,  (2)  tends  to  vanish  in  conse- 
quence of  the  ratios  which  the  increments  Ax,  Ay,  A z tend 
to  assume;  it  is,  that  if  we  represent  (2)  in  any  of  the 
equivalent  forms 

PAx  + QAy  + RAz  A PAx  + QAy  + RAz 
Ax  ’ Ay 

the  limit  of  the  ratio  expressed  by  the  first  factor  of  each  is  0. 
And  the  problem  of  the  integration  of  (1),  is  that  of  the  discovery 


Ay,  &c. 
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of  the  possible  relation  or  relations  Among  the  primitive  vari- 
ables which  will  secure  this  result,  supposing  Ax,  Ay,  A z to 
be  so  restricted  as  to  preserve  such  relations  unviola  ted. 

Now  whether  the  primitive  variables  are  connected  by  one 
equation  or  by  two  simultaneous  equations  (we  cannot  sup- 
pose them  connected  by  three  equations  without  making  them 
cease  to  be  variable),  the  relation  (1)  is  fully  expressible  in  the 
language  of  differential  coefficients.  If  there  exist  one  primi- 
tive relation  which,  as  we  shall  hereafter  see,  can  only  happen 
under  particular  circumstances,  then 

, dz  , dz  7 

*-3 


while  (1)  is  presentable  in  the  form 


Hence,  since  dx  and  dy  are  independent,  we  have 

. dz Q (9S 

dx~  B’  dy~  B { )* 

a system  which  in  the  supposed  case  is  equivalent  to  (1).  On 
the  other  hand  if,  as  will  usually  happen,  two  simultaneous 
equations  connect  the  primitive  variables,  e.g. 


4>  (*»  z)  - o,  ■f  (*,  y, *)  = o 

then  since  we  have 


— dz  — 0, 


the  elimination  of  dx,  dy,  dz  between  these  and  the  original 
equation  gives 


p fd<f>  difr  d<f>  dyfr\  / d<f>  djr  _ dyfr\ 

\dy  dz  dz  dy)  **  \dz  dx  dx  dz ) 

+ B(d*d^-d*d±)  = o 

\dx  dy  dy  dx/ 


(5), 
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a result  which  is  equivalent  to  (1),  but  is  expressed  in  the 
language  of  partial  differential  coefficients.  As  it  constitutes 
but  a single  relation  between  two  unknown  functions  <f>  and  ->Jr, 
one  of  the  two  may  be  considered  arbitrary,  and  a particular 
form  being  given  to  it,  we  should  have  a partial  differential 
equation  for  determining  the  other. 

We  propose  indeed  to  discuss  the  equation  (1)  under  its 
actual  form,  but  it  is  not  unimportant  to  shew  that  it  con- 
stitutes no  real  exception  to  the  definition  of  a differential 
equation.  Treated  by  the  methods  proper  to  partial  differ- 
ential equations,  the  forms  (3)  and  (5)  lead  to  the  same 
solutions  as  those  investigated  in  this  chapter. 

2.  The  foregoing  remarks  admit  of  geometrical  illustrations. 

If  x,  y,  z and  x + Ax,  y + A y,  z + Az  are  the  coordinates  of 
two  points,  then  will  the  value  of  the  expression  PAx  + QAy 
+ RAz,  where  P,  Q,  R are  given  functions  of  x,  y,  z,  depend 
solely  upon  the  positions  of  the  points. 

If  we  suppose  the  second  point  to  approach  the  first  along 
any  path , the  value  of  the  above  expression  will  approach  to  0 
in  consequence  of  the  quantities  Ax,  Ay,  Az  approaching  to  0, 
and  independently  of  the  ratios  which  they  assume  in  vanish- 
ing. But  this  is  not  in  accordance  with  the  understood 
meaning  of  the  equation  (1). 

The  increments  therefore  not  being  independent,  either  they 
are  connected  by  one  relation,  in  which  case  one  point  being 
given  the  other  must  lie  on  the  surface  which  that  relation 
determines,  and  its  approach  to  the  first  must  be  made  along 
that  surface,  but  is  in  no  other  way  restricted ; or  the  incre- 
ments are  connected  by  two  relations,  and  then,  the  first  point 
being  given,  the  second  must  be  on  the  line  determined  by 
those  relations,  and  its  approach  to  the  first  must  be  made 
along  that  line,  and  therefore  in  a definite  path. 

3.  These  considerations  suggest  to  us  the  following  ques- 
tions for  analysis,  viz. : 

1st.  Under  what  circumstances  is  the  solution  of  the  equa- 
tion Pdx  + Qdy  + Rdz  = 0,  expressed  by  a single  relation  be- 
tween the  primitive  variables — a relation  which  with  the 
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arbitrary  constant  of  integration  will  represent  a family  of 
surfaces ; — and  how  is  such  a relation  to  be  determined? 

2ndly.  How  is  the  solution  to  be  obtained  when  the  above 
condition  is  not  satisfied? 

These  questions  we  shall  next  consider. 

The  equation  Pdx  + Qdy  + Rdz  = 0,  derivable  from  a single 
primitive. 

From  the  given  equation,  we  have 

dz  = - jfdx- ~ dy (6). 


But  the  existence  of  a single  primitive  involves  the  sup- 
position that  z is  a function  of  x and  y,  and  therefore  that 
we  have 


dz  _ P dz  _ Q 
dx  R'  dy  R 


P 0 

Hence,  if  and  ~ do  not  contain  z,  we  have  by  the 
It  It 

property  of  differential  coefficients, 


d P^±  Q 
dy  R dx  R' 


p Q 

Should  however  and  jj|  both  or  either  of  them  contain  z, 


then,  because  we  can  still  regard  them  as  ultimately  functions 
of  x and  y,  for  z is  such  by  hypothesis,  we  must  change  the 
above  into 


d P dz  d P _ d Q dz  d Q 
dy  R dy  dz  R dx  ~R  dx  dz  R’ 


dz  dz 

Lastly,  substituting  here  for  and  their  values  given 
in  (7),  effecting  the  differentiations,  and  reducing,  we  have 

+ « (as-s)  + =»•••• «. 

an  equation  of  condition  which,  when  identically  satisfied, 
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indicates  that  the  proposed  equation  admits  of  a single  pri- 
mitive. 


4.  To  deduce  the  complete  primitive  of  the  differential  equa- 
tions Pdx  + Qdy  + Rdz  = 0 when  the  equation  of  condition  (8)  is 
satisfied. 

The  supposed  primitive  involving  all  the  variables  x, 
y,  z,  it  is  evident  that  if  we  differentiate  it  on  the  hypothesis 
that  z is  constant,  we  shall  arrive  at  a result  equivalent  to 
Pdx  + Qdy  — 0.  It  is  also  evident  that  if  the  primitive  con- 
tained a function  of  z for  one  of  its  terms,  that  term,  whatever 
the  form  of  the  function  might  be,  would  disappear  in  the  dif- 
ferentiation. 

Conversely  then  if  we  integrate  the  equation 

Pdx  + Qdy  = 0 (9), 

regarding  z as  constant,  and  adding  in  the  place  of  an  arbitrary 
Constant  an  arbitrary  function  of  z,  we  shall  arrive  at  a result 
which  will  necessarily  include  the  complete  primitive,  and  in 
which  it  will  only  remain  necessary  to  determine  what  form 
must  be  given  to  the  arbitrary  function  of  z. 

Thus,  if  the  integrating  factor  of  (9)  be  p,  and  if,  assuming 
z constant,  we  write 

p(Pdx+Qdy).ifxdx  + dfiidy, 

then  will  the  complete  primitive  be  of  the  form 

(io), 


in  which  it  only  remains  to  determine  (f>(z).  And  this  will  be 
done  by  differentiating  with  respect  to  all  the  variables  and 
comparing  with  the  given  equation. 


Differentiating  (10)  then  with  respect  to  x,  y,  z,  and  trans-  * 
posing  we  have 

dV,  dVy 


dx 


whence 


{Pdx  + Qdy)+  j‘ 


f dV 

dcf>(z)\ 

[dz 

dz  j 

idV 

#(z)  1 

dz  J 

\dz  = 0. 
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Now  by  the  given  equation,  Pdx  + Qdy  = — Rdz.  Substitut- 
ing, and  rejecting  the  common  factor  dz,  we  have 


whence 


jy  dV  d<f>(z) 


dz 


dz 


.(11), 


the  second  member  of  which  must,  on  the  hypothesis  that  a 
single  primitive  exists,  be  reducible  to  a function  of  z by 
means  of  (10).  The  solution  of  the  equation  thus  reduced, 
will  determine  <f>(z),  the  value  of  which  substituted  in  (10)  will 
give  the  complete  primitive. 


Although  we  are  fully  entitled  to  affirm  that  the  equation 
determining  (z)  must,  whenever  a single  primitive  exists, 
be  reducible  to  a form  not  involving  x and  y ; it  may  be  pro- 
per to  verify  this  conclusion  a posteriori. 


Let  us  then  inquire  under  what  condition  the  function 
dV 

— fiR,  can  be  freed  from  both  x and  y by  means  of  the 

equation  F=  <£(z).  Evidently  this  can  only  be  the  case  when 
dV 

— pR  and  F are  so  related  that,  considered  with  respect  to 

x and  y alone,  the  one  is  a function  of  the  other.  Thus  we 
have  by  the  equation  of  condition  (Chap.  iv.  Art.  3) 


dV  d (dV  _\  dV  d (dV  D\  n 
dx  dy  \ dz  ^ ) dy  dx\dz  ^ ) ~ ’ 


or 


dV  d*V  dV  <PV  | fdR  dF_  dR  dV\ 
dx  dzdy  dy  dzdx  ^ \dx  dy  dy  dx  ) 


+*(§r§;_§r*)_o (i2) 

\dy  dx  dx  dy]  ' 


w • dV  _ dV  , 

Now  since  ^ = fiP,  =pQ,  we  have 
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dV  d'V  dV  d'V 
dx  dzdy  dy  dzdx 


=*’( 

fpdQ . 

y,  dZ 

-«S) 

.....(13). 

Thus  also 

rdR 

dV 

dBdV' 

' n d.R  jydRX 

....(14). 

Ml 

lake 

dy 

dy  dx , 

)=v( 

Lastly, 

R 

fdV  dp 
\dy  dx 

dV  dp\ 
dx  dy) 

v dx  dy) 

....(15). 

But  since  p is  the  integrating  factor  of  Pdx  + Qdy  we  have 
by  Chap.  IV., 

ndji_  pdp_n 
^ dx  dy  ^ \dy  dx  )* 


which  reduces  (15)  to  the  form 


n(dVdp 
\dy  dx 


(16) 


Substituting  these  values  in  (12)  and  rejecting  the  common 
- factor  p',  there  results 


and  this  is  identical  with  the  equation  of  condition  (8).  The 
conclusion  is  therefore  established. 

It  follows  also  that  it  is  not  necessary  in  any  proposed  case 
to  apply  directly  the  above  equation  of  condition.  It  is  im- 
plicitly involved  in  the  very  process  of  solution. 


5.  The  results  of  the  above  investigation  are  contained  in 
the  following  Rule. 


B.  D.  E. 


18 
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Rule.  Integrate  the  proposed  equation  on  the  hypothesis 
that  one  of  the  variables  is  constant  and  its  differential  therefore 
equal  to  0,  adding  an  arbitrary  function  of  that  variable  in  the 
place  of  an  arbitrary  constant.  Then  differentiating  with 
respect  to  all  the  variables , determine  the  arbitrary  function  by 
the  condition  that  the  result  of  such  differentiation  shall  be  equi- 
valent to  the  equation  given.  The  equation  expressing  such  con- 
dition will , if  a single  primitive  exist,  be  reducible  by  previous 
results  to  a form  in  which  no  other  variable  than  the  one  involved 
in  the  arbitrary  function  will  remain. 

Ex.  1.  Given  (y  + a)*  dx  + zdy  — (y  + a)  dz  = 0. 

Here  P—  (y  + a)*,  Q = z,  R — — y — a,  values  which  identi- 
cally satisfy  the  condition  (8).  The  equation  therefore  admits 
of  a single  complete  primitive. 

Regarding  z as  constant  we  have  first  to  integrate  the  equa- 
tion 

(y  4-  a)*  dx  + zdy  — 0. 


Dividing  "by  (y  + a)*,  we  have 

de  + _L<S'  =0, 
„ . (y  + a) 

the  solution  of  which  is 


x — = <b(z), 

y + a rw’ 

<f>  ( z ) being  an  arbitrary  function  of  z introduced  in  the  place  of 
an  arbitrary  constant. 

Now,  differentiating  with  respect  to  all  the  variables,  we 
have 


dx  + — - — rj dy—\  — 1-  — 1 dz  = 0, 

(, y + a Y * \ y + a dz  j 

or  (y  + a*)dx  + zdy  — jy  + a +{y  + a)3  dz, 

which  agrees  with  the  equation  given,  if  we  have 


-(y  + a)  = -|y  + a+(y  + a)J^)j, 
d<f>(z)__ 

_7_  “ 
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Here  then  (f>(z)=c  and  the  complete  primitive  i3 


x — =c (a). 

y + a 

If  we  commence  by  regarding  y as  constant  we  obtain  by  a 
first  integration 

*-(y  + a)  x = cf>(y), 

whence,  differentiating  and  comparing  with  the  given  equa- 
tion, 

&l>(y)_  z 
dy  y + a ' 

This  equation  involves  both  x and  y,  but  it  is  reducible  by 
the  previous  one  to  the  form 

<fo(y)  _ 4>(y) 

dy  y+a ’ 

or  <fy(y)_  dV 

<j)y  y+a ’ 

of  which  the  integral  may  be  expressed  in  the  form 

0(y)  = &(y  + <*)» 

i being  an  arbitrary  constant.  Hence,  finally 
z = (y  + a)  x + b (y  + a) 

= (y  + a)  (x  + b), 

and  this  is  equivalent  to  the  former  result,  (a). 

Ex.  2.  Given  zdz  + (x  — a)  dx  = {4s  — 3s  — (x  — a)*}1  dy. 
Integrating  as  if  y were  constant  we  have 

z'+(x-a)*  = <f>(y) (a). 

Differentiating  and  comparing  with  the  given  equation 

= (*’-+(?))•,  by(«). 

Hence  ~d<f>(y) i 

Hence,  2{h'-<b(y)}i~  dy' 

18—2 
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HOMOGENEOUS  EQUATIONS 


Therefore  integrating 

{A*-^(y)}‘  = -y  + 5, 

b being  an  arbitrary  constant.  Hence  determining  <f>(y),  and 
substituting  in  (a),  we  have  finally 

z*+  (x-  a)*+  (y  - b)*  = h\ 

where  b is  arbitrary. 


Homogeneous  Equations. 

6.  When  the  equation  Pdx  + Qdy  + Rdz  = 0 is  homoge- 
neous with  respect  to  x,  y,  z,  its  solution  will  be  facilitated  by 
a transformation  similar  to  that  employed  for  homogeneous 
equations  with  two  variables. 

Assuming  x = uz,  y — vz,  we  obtain  by  substitution  a result 
of  the  form 

L~  = Mdu  + Ndv (18). 


If  A be  equal  to  0 this  simply  gives 
Mdu  + Ndv  — 0, 

which  can  always  be  made  integrable  by  a factor.  If  L be 
not  equal  to  0 we  have 


dz  M,  N, 

— — -r-du+  -ydv : 
z L L 


and  here  the  first  member  being  an  exact  differential  the 
second  will  be  such  also  if  a complete  primitive  exist.  After 

integration,  u and  v must  be  replaced  by  their  values  - , . 

z z 


Ex.  3.  Given  (ay  — Iz)  dx  + ( cz  — ax)  dy  + (bx  — cy)  dz  = 0. 
This  equation  satisfies  the  equation  of  condition  (8). 
Assuming  x = uz,  y = vz  it  becomes  simply 
(av  — b)  du — ( au  — c)  dv—  0, 

du  dv 
au  —c  av  — b ’ 
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the  solution  of  which  is 


au  — c 
av  — b 


- C, 


whence  the  complete  primitive  sought  will  be 

ax  — cz  _ ~ 
ay  — bz 

Ex.  4.  Given 


(yt  + yz  + z *)  dx+(x%  + xz  + z*)  dy  + (z?  + scy  +f)  dz  = 0. 
Assuming  x = uz,  y — vz,  we  have  on  reduction 


(fe  _ _ (q*-f  p+  1)  du  + ( u * + u + 1)  dv 
z (u  + v + 1)  (uv  + u + v) 


dz  _ du  + dv  (v  + l)  du+ (u+1)  dv 
Z U + V — 1 uv  u + v 


whence  integrating 


log  z = log 


« +v—  1 
uv  + u + v 


G. 


Finally  we  have 


xy  + xz+yz  _ 
x + y — z ’ 


for  the  complete  primitive. 

The  last  two  equations  might  have  been  integrated  without 
preliminary  transformation.  (Lacroix,  Tom.  n.  pp.  507 — 10). 


Integrating  factors. 

7.  The  equation  Pdx  + Qdy  + Rdz  = 0 can  also,  when 
there  exists  a single  complete  primitive,  be  integrated  by 
means  of  a factor. 

If  u be  that  factor,  then,  since  the  expression 
uPdx  + n Qdy  + /x  Rdz 
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must  be  an  exact  differential,  we  must  have 

d (fiQ)  _ d (fiR)  d (fiR)  _ d (fiP) 
dz  dy  ’ dx  dz  ’ 

d(fiP)_d(fiQ) 
dy  dx  * 


equations  to  which  we  may  give  the  forms 


Multiplying  these  equations  by  P,  Q,  and  R,  respectively, 
adding,  and  dividing  by  p,  we  have 

p (f -f) + « (s-§) + * (f  • 


the  same  equation  of  condition  which  was  before  obtained. 

When  this  equation  is  satisfied  a particular  form  of  the 
factor  fj.  will  frequently  suggest  itself. 


In  Ex.  3 the  functions  =-r. , 

{ay  - bzy  ( cz  - ax )*  ’ 

are  integrating  factors.  In  Ex.  4 the  functions  ■ 

and  j 1 are  integrating  factors. 

[xy  + xz  + yz) 


1 

{bx  - ay) 
1 

{x+y  + z) 


2 


2 


Equations  not  derivable  from  a single  primitive. 

8.  To  solve  the  equation  Pdx  + Qdy  + Rdz  — 0,  when  the 
equation  of  condition  (8)  is  not  satisfied. 
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In  this  case  the  solution  consists  of  two  simultaneous  equa- 
tions between  x,  y,  z,  one  of  which  is  perfectly  arbitrary  in 
form. 

For  representing  an  assumed  arbitrary  equation  in  the  form 

/(*>  y,  *)  = o (20), 

and  differentiating,  we  have 

ax  dy  ° dz 

Now  these  two  equations  enabling  us,  when  the  form  of 
f{x,  y,  z ,)  is  specified,  to  eliminate  one  of  the  variables  and 
its  differential,  e.  g.  z and  dz,  from  the  equation  given,  permit 
us  to  reduce  it  to  the  form 

Mdx  + Ndy  — 0, 

M andW  being  functions  of  x and  y.  Solving  this,  we  obtain 
an  equation  involving  an  arbitrary  constant,  and  this  equation 
together  with  (20)  will  constitute  a solution.  By  giving  dif- 
ferent forms  to  f(x,  y,  z)  every  possible  solution  may  be  ob- 
tained. What  a solution  thus  found  represents  in  geometrical 
construction  is  the  drawing,  on  a particular  surface,  of  a 
family  of  lines,  each  of  which  satisfies  at  every  point  the  con- 
dition Pdx  4-  Qdy  + Rdz.  Now  dx,  dy , dz  are  proportional 
to  the  directing  cosines  of  the  tangent  line.  Hence  the  geo- 
metrical problem  may  be  represented  as  that  of  drawing  on  a 
given  surface  a family  of  lines,  in  each  of  which  the  directing 
cosines  cos  <j>,  cos  \J/“,  cos  % at  any  point  shall  satisfy  the  con- 
dition 

Pcos<f>  + Q cos  yfr  + R cos  x — 0 (21). 


Ex.  Required  the  most  general  solution  of  the  equation 

xdx  + ydy  + c (l — ^ — dz  = 0 (a), 

which  is  consistent  with  the  assumption  that  it  shall  represent 
a series  of  lines  traced  upon  the  ellipsoid  whose  equation  is 


x * va  za 
-+£*  + -*=i 

a b c 


(i).  ■ 
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It  will  be  found  that  (a)  does  not  satisfy  the  equation  of 
condition  (8). 

Differentiating  (5),  we  have 


xdx  _ ydy  > zdz 


= 0, 


whence 


and  this  reduces  (a)  to 

xdx  + ydy-d^^+^p^  0 *.(c), 

the  integral  of  which  is 

(»-  $)*+(*- v)y'=c w- 

indicating  that  the  projections  of  the  proposed  family  of  lines 
will  be  a certain  series  of  central  conic  sections. 

If  a = b = c = 1 the  proposed  equation  admits  of  a single 
primitive,  viz.  a?  -t-y5  + z*=l.  And  any  line  traced  on  the 
surface  of  which  this  is  the  equation  will  satisfy  the  differen- 
tial equation;  for  the  equation  ( b ) by  which  the  lines  are 
ordinarily  determined  is  now  reduced  to  an  identity. 

The  above  method  of  solution  is  due  to  Newton.  Monge 
has  however  remarked  that  the  general  solution  may  be  ex- 
pressed by  the  equations  (10)  and  (11)  of  Art.  3,  viz.  by  the 


simultaneous  system 

v-  $(*)  (22), 

(23), 


where  fi  is  the  integrating  factor,  and  V the  corresponding 
integral  of  the  expression  J Pdx+  Qdy.  It  is  indeed  shewn  in 
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that  Article  that  (22)  does  satisfy  the  differential  equation 
provided  that  the  condition  (23)  is  satisfied.  But  there  is  no 
j practical  advantage  in  the  employment  of  Monge’s  form. 
Applied  to  the  problem  of  drawing  on  a given  surface  lines 
satisfying  the  condition  expressed  by  the  differential  equation, 
it  makes  the  determination  of  the  arbitrary  function  <f>  ( z ) 
itself  dependent  on  the  solution  of  a differential  equation. 

Thus  in  the  example  last  considered  we  have,  on  giving  to 
/x  the  value  2, 

V=x'  + y\  R = 


so  that  the  general  solution  assumes  the  form 

a?+y'  = ${z) 

-K1 

To  apply  this  to  the  problem  of  drawing  lines  satisfying  the 
conditions  of  the  problem  on  the  ellipsoid 

a?  y*  z*  , . 

? + li  + 7=:1 (e)’ 


it  is  necessary  from  the  above  three  equations  to  eliminate  x 
and  y.  From  the  second  and  third  which  here  suffice,  we 
have 

-2  z = <j>\z), 

whence  <f>  (2)  = — P — G. 

Therefore  + y + «*  = G .....(f). 

The  particular  solution  sought  is  therefore  expressed  by  the 
equations  ( e ) and  (/),  which  are  together  equivalent  to  the 
previous  solution  expressed  by  ( b ) and  (d). 

Total  differential  equations  containing  more  than  three  va- 
riables. 

9.  It  will  suffice  to  make  a few  observations  on  the  equa- 
tion with  four  variables 

Pdx  + Qdy  + Rdz  + Tdt  — 0 (24), 

and  to  direct  attention  to  the  general  analogy. 
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Writing  the  above  equation  in  the  form 

dt  = ~dx-^dy-^dz (25), 


it  is  evident  that,  in  order  that  it  should  be  derivable  from  a 
complete  primitive,  we  must  have 


(d\  Q _ fd\  P (d\  R _ (d\  Q (d\  P_  (d\R 
[dx)  T~  \dy)  T'  \dy)  T~  \dz)  T’  \dz)  T~  \dx)  T' 

where  refers  to  x not  only  as  appearing  independently, 
but  also  as  implicitly  involved  in  and  so  on  for  the  rest. 


Effecting  the  differentiations,  and  substituting  for 

their  values 
az 


implied  in  (25),  we  have 


dt  dt 
dx'  dy’ 


which  are  the  equations  of  condition  of  existence  of  a single 
complete  primitive. 

We  are  justified  by  the  above  analysis  in  affirming  that 
these  equations  of  condition  are  sufficient ; though  symmetry 
makes  it  evident  that  we  must  also  have  the  equation 

Jacobi  has  however  independently  proved  that  this  equation 
is  involved  in  the  others.  ( Mathematische  Werke,  Vol.  I. 
p.  149.) 
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It  is  obvious  that  when  there  exist  » variables,  the  number 
of  independent  equations  of  condition  is  — — ^ ^ , 

I 

being  the  number  of  ways  of  equating  two  partial  differential 
coefficients  in  a system  in  which  n — 1 are  contained. 


The  solution  of  any  such  equation  may  be  effected  by  an 
extension  of  the  method  adopted  for  equations  with  three 
variables.  We  must  integrate  as  if  all  but  two  of  the  varia- 
bles were  constant,  adding,  in  the  place  of  an  arbitrary  con- 
stant, an  arbitrary  function  of  the  variables  which  remain. 
This  function  we  must  determine  by  differentiating  with  re- 
spect to  all  the  variables,  and  comparing  with  the  equation 
given.  If  a single  primitive  exist,  such  determination  will  be 
possible.  If  a single  primitive  do  not  exist,  we  must,  follow- 
ing the  analogy  of  the  corresponding  case  for  three  variables, 
endeavour  to  express  the  solution  by  a system  of  simultaneous 
equations.  And  such  is  indeed  its  general  form.  Pfaff,  in 
a memoir  published  by  the  Berlin  Academy  1814 — 15,  has 
shewn  that,  according  as  the  number  of  variables  is  2 n or 
2n  + 1,  the  number  of  integral  equations  is  n or  n + 1 at  most. 
His  method,  which  is  remarkable,  consists  of  alternate  inte- 
grations and  transformations.  For  important  commentaries 
and  additions  see  Jacobi,  (WerJce,  Tom.  I.  p.  140),  and  Raabe, 
( Crelle,  Tom.  xiv.  p.  123). 


Ex.  Given  (2x+y*+ y,)  dx+2xydy— xdyy+  x*dy  = 0. 


If  we  suppose  the  variables  ylt  yt,  constant,  we  have  to  in- 
tegrate 

(2a;  + y*  + 2 aya  -yj  dx  + 2 xydy  = 0, 

which,  on  substituting  an  arbitrary  function  of  y,,  y2  repre- 
sented by  <f>,  for  an  arbitrary  constant,  gives 

a?  + + ly,  - <xyx  = <f>. 


Differentiating  with  respect  to  all  the  variables,  we  have 
(2 x + y2  + 2 xy2  -yl)dx  + 2 xydy  - xdy2  + x?dy2 
dd>  , dd>  y 
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Comparing  this  with  the  given  equation,  we  have 

dyt  + *~r~  — 0, 

dyx  Ux  dy t 

whence  <f>  = c and  the  solution  is 


xr2  4-  xy*  + a?yt  - xyt  = c ... (a). 

Had  we  begun  by  making  x and  y constant,  we  should  have 
had  as  the  result  of  the  first  integration, 

(J) 

< p denoting  a function  of  x and  y.  Differentiating  with  respect 


to  all  the  variables  and  comparing  with  the  given  equation, 
we  should  find 

d<f>  = — (2a:  + y1)  dx  — 2xydy, 
whence,  <f>  *=  — ad  — xy * + c, 

the  substitution  of  which  in  ( b ) reproduces  the  former 
solution  (a). 


Equations  of  an  order  higher  than  the  first. 

10.  When  an  equation  of  the  form, 

Ada?  4-  Bdy%  + Cdz*+  2Ddydz  + 2 Edxdz  4-  2Fdxdy=0  ...  (28)} 
is  resolvable  into  two  equations  each  of  the  form 
Pdx  + Qdy  4-  Rdz  = 0, 

the  solution' of  either  of  these  obtained  by  previous  methods, 
will  be  a particular  solution  of  (28),  and  the  two  solutions 
taken  disjunctively  will  constitute  the  complete  solution,  which 
is  therefore  expressed  by  the  product  of  the  equations  of 
these  solutions,  each  reduced  to  the  form  F=  0. 

The  condition  under  which  (28)  is  resolvable  as  above,  is 
expressed  by  the  equation, 

ABC  4-  2 DEF-  Alf  — BE*  — CF*  = 0 (29). 
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This  is  shewn  by  solving  (28)  with  respect  to  dx,  and 
assuming  the  quantity  under  the  radical  to  be  a complete 
square. 

Thus,  the  equation  a? da?  + y'dy'  — z'dz'  + 2 xydxdy  = 0, 
which  will  be  found  to  satisfy  the  above  condition,  is  resolv- 
able into  the  two  equations, 

xdx  + ydy  + zdz  = 0,  xdx  + ydy  — zdz  = 0, 

whence,  aj*  + y*+  z*  = c ...  (a),  xt  + ya  — z*  = c (5). 

Geometrically  the  solution  is  expressed  by  lines  drawn  in 
any  manner  on  the  surface,  either  of  the  sphere  (a),  or  of  the 
hyperboloid  ( b ). 

When  the  condition  (29)  is  not  satisfied,  the  proposed 
equation  does  not  admit  of  a single  primitive,  or  of  any  dis- 
junctive system  of  primitives.  But  it  does  in  general  admit 
of  a solution  expressed  by  a system  of  simultaneous  equations. 
Thus,  if  we  integrate  the  equation  dz*  = n?  (dx%  + dya),  sup- 
posing x constant,  we  find  z — my  + C,  or,  replacing  G by  a 


function  of  x, 

z — my  + <f)(x ) (c). 

On  substitution  and  integration,  we  find  that  this  will 
satisfy  the  proposed  equation  if  we  have 

23'  = w/^-^(x)+'! M- 


the  system  (c)  (d)  will  therefore  constitute  a solution  of  the 
equation  given.  We  enter  not  into  the  question  whether  it  is 
the  most  general  solution  or  not,  proposing  merely  to  exem- 
plify the  kind  of  solution  of  which  the  equation  admits. 

To  this  we  may  add  that  all  equations  which  do  not  satisfy 
the  conditions  of  integrability,  though  they  may  present 
themselves  in  the  form  of  ordinary,  have  a far  more  intimate 
connexion  with  partial  differential  equations ; and  that  this 
connexion  affords  the  best  clue  to  the  solution  of  their  theo- 
retical difficulties. 
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EXERCISES. 


EXERCISES. 

1.  -*L+-&j  + -*L_ o. 

x— a y—b  z — c 

2.  (x  — 3 y — z)dx+  (2 y — 3x)  dy  + (z  — x)  dz  = 0. 

3.  (y  + z)  dx  + {z  + x)  dy  + {x  + y)  dz  — 0. 

4.  Shew  that  an  integrating  factor  of  the  last  equation  is 
(g_l_y  4-  z)*  ’ an<^  ^e(^uce  a Senera^  expression  for  such  factors. 

5.  (y  + z)  dx  + dy  + dz  = 0. 

6.  ayiz*dx  + bztxtdy  + cxtytdz  = 0. 

7.  (x'y—  y*—  ysz)  dx  + {xy1—  x*z  — Xs)  dy+(xy2+a?y)  dz=0. 

8.  (2aj*  + 2 xy  4-  2 xz*  + 1)  dx  + dy  + 2 zdz  = 0. 

9.  (2a;  + y*  + 2 yz)  dx  + 2 xydy  — dw  + cddz  — 0. 

10.  Is  the  equation  (1  + 2 m)  xdx  + y (1  — x)  dy  + zdz  = 0 
derivable  from  a single  primitive  of  the  form  <f>  ( x , y,  z)  = c? 

11.  Shew  that  any  system  of  lines  described  on  the  surface 
of  the  sphere  a?  + y*  + z2  = r*,  and  satisfying  the  above  equa- 
tion, would  be  projected  on  the  plane  xy  in  parabolas. 

12.  Shew  that  Monge’s  method  would,  if  we  integrate 
first  with  respect  to  x and  z,  present  the  solution  of  the  equa- 
tion of  Ex.  10,  in  the  form 

(l  + 2m)x‘  + zt  = <f>(y)>  2y  (1  -x)  =- 0'  (y). 

13.  Applying  this  form  to  the  problem  of  Ex.  11,  form 
and  solve  the  differential  equation  for  the  determination  of 
< p (y),  and  shew  that  it  leads  to  the  result  stated  in  that  Ex- 
ample. 

14.  Find  the  equation  of  the  projections  of  the  same 
system  of  curves  on  the  plane  yz. 
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CHAPTER  XHI. 

SIMULTANEOUS  DIFFERENTIAL  EQUATIONS. 

1.  We  have  hitherto  considered  only  single  differential 

equations.  We  have  now  to  treat  of  systems  of  differential 
equations.  , 

Of  such  by  far  the  most  important  class  is  that  in  which 
one  of  the  variables  is  independent  and  the  others  are  depend- 
ent upon  it,  the  number  of  equations  in  the  system  being 
equal  to  the  number  of  dependent  variables.  Thus  in  the 
chief  problem  of  physical  astronomy — the  problem  of  the 
motion  of  a system  of  material  bodies  abandoned  to  their 
mutual  attractions — there  is  but  one  independent  variable,  the 
time;  the  dependent  variables  are  the  coordinates,  which, 
varying  with  the  time,  determine  the  varying  positions  of  the 
several  members  of  the  material  system ; while,  lastly,  the 
number  of  equations  being  equal  to  the  number  of  coordinates 
involved,  the  dependence  of  the  latter  upon  the  time  is  made 
determinate. 

Such  a system  of  equations  may  properly  be  called  a deter- 
minate system. 

We  propose  in  this  chapter  to  treat  only  of  systems  of 
equations  of  the  above  class.  And  in  the  first  instance  we 
shall  speak  of  simultaneous  differential  equations  of  the  first 
order  and  degree,  beginning  with  particular  examples,  and 
proceeding  to  the  consideration  of  their  general  theory. 

Particular  Illustrations. 

2.  The  simplest  class  of  examples  is  that  in  which  the 
equations  of  the  given  system  are  separately  integrable. 

Ex.  1.  Given  Idx  + mdy  + ndz  = 0,  xdx  + ydy  + zdz  = 0. 

Integrating  separately,  we  have 

lx  + my  + nz  = c,  P + + P — c'; 

and  these  equations  expressing  the  complete  solution  of  the 
given  system  may  be  said  to  constitute  the  primitive  system. 
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PARTICULAR  ILLUSTRATIONS. 


Another  class  of  examples  is  that  in  which,  while  the  equa- 
tions of  the  given  system  are  not  all  separately  integrable, 
they  admit  of  being  so  combined  as  to  produce  an  equivalent 
system  of  equations  which  are  separately  integrable. 


Ex.  2. 


Given 


dx  2x 

di  + T 


dy 

dt 


i , 2a: 

=x+y+Y 


1. 


Here  the  first  equation  alone  is  separately  integrable,  and 
gives 


t c 

a,=s+? 


(«)• 


Also  by  addition  of  the  given  equations,  we  have 
dx  + dy 
dt 


■x  + y\ 


dx-\-dy 

aj  + y 


dt, 


log  (x+y)  -t  + c' 


(b). 


The  primitive  system  is  therefore  expressed  by  (a)  and  (b) . 

In  both  the  above  examples  we  see  that  the  number  of 
equations  of  the  solution  is  equal  to  that  of  the  equations  of 
the  system  given,  and  that  each  equation  of  the  solution  in- 
volves a distinct  arbitrary  constant.  And  it  is  evident  that 
this  must  be  the  case  whenever  we  can  combine  the  given 
equations  into  an  equivalent  system  of  integrable  equations  of 
the  first  order.  But  as  we  have  not  proved  that  such  combi- 
nation is  possible,  the  following  question  becomes  important, 
viz.  what  is  the  nature  of  the  solution  of  a system  of  simulta- 
neous equations  of  the  first  order  and  degree? 

This  question  will  be  considered  in  the  next  section. 

General  theory  of  simultaneous  equations  of  the  first  order 
and  degree. 

3.  We  shall  seek  first  to  establish  the  general  theory  of  a 
system  composed  of  two  equations  between  three  variables, 
and  therefore  of  the  form 

Pdx  + Qdy  + Rdz  = 0, 

Fdx  + Qdy  + Rdz=*  0 (1), 
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the  coefficients  P,  P,  &c.  being  functions  of  the  variables, 
or  constants. 

We  design  to  consider  the  above  system  first,  and  with  the 
greater  care,  because  there  is  scarcely  any  part  of  the  general 
theory  which  it  does  not  serve  to  exemplify. 

Prop.  The  solution  of  the  system  (1)  can  always  he  made  to 
depend  upon  that  of  an  ordinary  differential  equation  of  the 
second  order  between  two  of  the  primitive  variables , and  it 
always  consists  of  two  equations  involving  two  arbitrary  constants. 

By  algebraic  solution  of  the  system  (1)  we  have 

* _ RP  - PP  j J _ PQ'  - QP  j 
dy  QR’-RQ ,dx’  dz  QR’-RQ,dx 

As  the  coefficients  of  dx  in  the  second  members  of  these 
equations  are  functions  of  x,  y,  z we  may  express  the  reduced 
system  in  the  form 

dy  = <f>  (x,  y,  z)  dx,  dz  = yfr  (x,  y,  z)  dx, 
whence,  regarding  x as  independent  variable, 

% ;“*(«*»>*) (3). 


f;- +(*.*«)■ 


Thus  the  given  system  enables  us  to  express  ^ and  by 
known  functions  of  x,  y,  z. 


.(4). 

dz 


Now  differentiating  (3),  still  on  the  assumption  that  x is  the 
independent  variable  and  representing  for  brevity  <f>  ( x , y,  z) 
by  <f>,  ic(x,  y,  z)  by  ifr,  we  have 


d*y  _ d(f>  d(f>  dy  ^ d<f>  dz 
dx*  dx  dy  dx  dz  dx} 

dz 

or  substituting  for  its  value  given  by  (4), 
dx1  dx  dy  dx  ' dz 

B.  D.  E. 


••  (5). 
19 
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This  equation  involves  ^ and  ^ together  with  the  quan- 
tities and  yjr,  which  are  known  functions  of  x,  y, 

dx  dy  dz  1 

and  z.  Hence  eliminating  z by  means  of  (I)  we  have  a final 
equation  involving  ^ x,  and  y.  The  complete  primi- 
tive of  this  differential  equation  of  the  second  order  will  enable 
us  to  express  y as  a function  of  x and  two  arbitrary  constants. 
Suppose  the  value  thus  obtained  for  y to  be 

y = X(*>c i>  c») (6). 

Then  we  have  by  virtue  of  (3) 

CO- 


These  two  equations  involving  two  arbitrary  constants  con- 
tain the  complete  solution  of  the  system  given. 

4.  It  is  important  to  observe  that  the  system  (2)  may  be 
expressed  in  the  symmetrical  form 

dx  dy  _ dz 

QR  - RQ  ” MP -PR  ~ PQ  - QP  * 

If  we  represent  the  denominators  of  the  above  reduced 
system  by  X,  Y,  Z,  it  becomes 

dx  dy  dz 
X~~Y~Z 

This,  then,  may  be  regarded  as  the  symmetrical  form  of  a 
system  composed  of  two  differential  equations  of  the  first 
order. 

Again,  the  complete  solution  of  such  a system  as  is  expressed 
by  (6)  and  (7)  consists  of  two  equations  connecting  the  varia- 
bles x,  y,  z with  two  arbitrary  constants.  If  we  solve  these 
equations  with  respect  to  the  constants,  the  solution  assumes 
the  form 

& (x>  = ft  (*,  y,  *)  = c, (9). 

Thus  a system  of  two  differential  equations  of  the  first 
order  may,  without  loss  of  generality,  be  presented  in  the  sym- 
metrical form  (8),  and  its  complete  solution  in  the  symmetrical 
form  (9). 
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Ex.  1.  Given 

(by  + 9 z)  dx  + dy  + dz  = 0,  (4 y + 3 z)  dx  + 2 dy  — dz  = 0. 
Here  we  find  by  algebraic  solution 


3 y - 4 z. 


whence 


dx 
dz 



dx*  dx  dx 

S=~3^  + 8y  + 20z’  by  @)* 


•(«), 

•P), 


Eliminating  « by  (a),  we  have  on  reduction 

a linear  equation  with  constant  coefficients  whose  complete 
primitive  is 

y-Cf'+Cf*. (c). 

Equating  the  value  of  ^ hence  determined  with  that  given 
in  (a)  we  have 

3y  + Az=  Cjr  + lCjf. {d). 

The  complete  solution  is  therefore  expressed  by  (c)  and  ( d ). 
Theoretically  it  is  of  no  consequence  which  of  the  primitive 
variables  we  assume  as  independent.  But  practically  the 
question  is  of  some  importance  as  affecting  the  character  of 
tne  final  differential  equation. 

Ex.  2.  Given  ~ — 3a;  + y = 0,  ^ — x—  y = 0. 
Differentiating  the  first  equation  we  have 

dy -i 


dx 

~d? 


dx 

dt 


3 --+S”0' 


dy 


from  which  eliminating  by  the  second  equation  we  have 


dx  dx 


IS— 2 
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Hence  eliminating  y by  the  first  equation 

d'x  tdx 
__4s  + 4*  = °. 

Integrating 

x=  (G-t-  G t)e  , 

and  this  value  of  x substituted  in  the  first  equation  gives 
y=(C-  C'  + C't)  e“. 

The  last  two  equations  constitute  the  primitive  system. 

We  choose  next  an  example  in  which  the  given  system  in- 
volves functions  of  the  independent  variable  in  the  second 
members. 

Ex.  3.  Given  ^ + 5x-2y  = e‘,  <&-x  + 6y  = e*. 

Here,  differentiating  the  first  equation,  we  have 

dti+  dt  dt 

Eliminating  ^ by  the  second  equation  of  the  given  system, 
we  have 


■x 


dt  +5^-2*  + !%=*'  + 2«”- 

And,  eliminating  y by  means  of  the  first  equation  of  the 
system, 

J'r  dx 

i+n§+28*=7*,+26’ 

a linear  differential  equation  of  the  second  order  whose  solu- 
tion is 


Hence,  by  the  first  of  the  given  equations, 

2y-5x  + e‘=  - 4 Cjf*- 7 Cf"+  ~ 

The  last  two  equations  are  the  complete  primitives  of  the 
system  given. 
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5.  The  above  theory  may  be  extended  to  all  systems  which 
are  composed  of  n differential  equations  of  the  first  order  and 
degree  connecting  n + 1 variables. 

Assume  x (independent)  and  a?,,  xa,...xn  (dependent)  as  the 
variables  of  the  system.  Then  there  exist  n differential 
equations  of  the  form 

Pdx  + Pxdx,  + Padxt . . . + Pndxn  = 0 (10), 

P,  Pt,  &c.  being  functions  of  the  variables.  These  equations 
exactly  suffice  to  determine  the  ratios  of  the  differentials  dx, 
dxl,...dxn,  and  thus  assume  the  symmetrical  form 

dx  dx,  dx.  dx. 

irX=X-=x : (11)- 

X,  X, , &c.  being  determinate  functions  of  the  variables. 


This  premised,  the  solution  of  the  system  (11)  depends  upon 
the  solution  of  a single  differential  equation  of  the  nth  order 
connecting  two  of  the  variables. 


Let  us  select  for  the  two  x and  x,. 

Now  (11)  gives 

dx,  _ X,  dxa  _ — Xg  dxn  _ — Xn 
dx~  X’  dx~  X ’ "'dx  ~ X 


(12). 


Differentiate  the  first  of  these  n — 1 times  in  succession,  re- 
garding x as  independent  variable  and  continually  substituting 
doc  dx 

for  ~ , ...  ~ their  values  as  given  by  the  n — 1 last  equa- 
tions of  the  above  system.  We  thus  obtain,  including  the 
equation  operated  upon,  n equations  connecting 


dx,  (Px,  dnx, 

dx  ’ dx * dxK 


with  the  primitive  variables  and  therefore  enabling  us,  1st,  to 
express  the  above  n differential  coefficients  in  terms  of  those 
variables,  2ndly,  by  elimination  of  the  n — 1 variables,  xs,  xt, 
...a;,  to  deduce  a single  equation  of  the  form 


F(x,  a?,, 


dx,  <Fxt  dHx  \ _ 
dx  ’ dtf’"dxn)~" 


(13). 


t 
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Now  thiB  being  a differential  equation  of  the  wth  order,  there 
exist,  Chap.  IX.  Art.  1,  n first  integrals  involving  n distinct 
arbitrary  constants  and  capable  of  expression  in  the  form 


K (*> 


dxt 

dx* 

dx;-1' 

dc’ 

dx* 

dx ^ 

dxl 

d*xx 

dn-lx; 

dx  ’ 

dx* 

dx ^ 

dxl 

cPxx 

d”~'x; 

~dx ’ 

dx* 

•" dx n'\ 

.(14). 


If  in  this  system  we  substitute  for  their 

values  in  terms  of  the  primitive  variables  above  referred  to, 
we  shall  obtain  a system  of  n equations  of  the  form 


xl,x3...xn)  = (7,1 

(*.  *,  — *«)  = C%\ (15). 

</>«  (*,  xv  xt ...  xa)  = Cn  ' 

This  is  the  primitive  system  sought. 

And  thus  the  following  Propositions  are  established,  viz. 
1st,  that  a system  of  differential  equations  of  the  first  order 
connecting  n + 1 variables  is  expressible  in  the  symmetrical 
form  (11).  2ndly,  that  its  complete  solution  depends  on  that 
of  an  ordinary  differential  equation  of  the  »th  order  (13).  3rdly, 
that  that  solution  consists  of  n equations  connecting  the 
primitive  variables  with  n arbitrary  constants  and  theoretically 
expressible  in  the  form  (15). 

These  very  important  propositions  were  first  established  by 
Lagrange,  but  the  above  demonstration  of  them  is  taken  from 
a memoir  by  Jacobi*. 

It  is  not  necessary,  as  is  evident  from  the  examples  already 
given,  actually  to  determine  the  n first  integrals  of  the  differen- 
tial equation  (13).  The  complete  primitive  and  the  successive 
equations  obtained  from  it  by  differentiation  enable  us  to  ac- 
complish the  same  object.  Neither  is  it  always  necessary  to 


* Ueber  die  Integration  der  partiellen  Differential-Gleichungen  erster  ordnung. 
Crellc,  Tom.  it.  p.  317. 
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•roceed  to  differential  equations  of  an  order  higher  than  the 
irst.  This  point  will  he  illustrated  in  the  following  sections. 


Linear  equations  of  the  first  order  vrith  constant  coefficients. 


6.  The  characters  here  mentioned  have  reference  only  to 
the  dependent  variables  which  are  the  true  unknown  quanti- 
ties of  the  system.  Thus  the  equation 

dx  * ,dy  ... 

adi+itt+cx+v='l,l-l) 

would  be  described  as  linear  and  with  constant  coefficients. 


The  solution  of  any  system  of  n such  equations  is  by  the 
foregoing  general  method  reducible  to  that  of  an  ordinary 
linear  differential  equation  of  the  n‘h  order  with  constant  co- 
efficients. And  this  method  is  in  the  two  following  respects 
the  best  of  all,  viz.  1st,  because  of  its  fundamental  character, 
2ndly,  because  it  leads  directly  to  the  expression  of  the  values 
of  the  dependent  variables. 

The  solution  of  such  a system  may  however  also  be  effected 
by  the  method  of  indeterminate  multipliers,  and  this  we 
propose  here  to  exemplify.  Its  advantage  is  that  it  generally 
presents  the  equations  of  the  solution  under  a common  type, 
so  that  their  discovery  is  made  to  depend  upon  the  discovery 
of  a single  general  form. 

Ex.  Given  ax  4-  by  4-  c,  ~ ax  + Vy  4-  c'. 


Multiplying  the  second  equation  by  an  indeterminate  quan- 
tity m,  and  adding  to  the  first,  we  have 

= (a  + md)  x + (b  + mb')  y + c + me 

, . f b 4-  mb'  , c 4-  «*c'\ 

= (a  + ma!)  (x-{ ,y+  — — ,) 

' \ a+ma * a + ma/ 


«=(a4  ma! 


) [x  4-  my 


c + mc'\ 
a + ma'J 


..(a), 
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provided  that  we  determine  m so  as  to  satisfy  the  condition 

b + mb' 

m = ; , 

a + ma 


or 


a m?  + (a  — b')  m — b — 0. 


.(b). 


Now  (a)  gives 


, c + me'  K ' ’ 

x + my  + 


a + ma 


whence  on  integration 

, / c + mc'\  . . . n 

log  (x  + my+-  ■ -a,  = (a  + ma)  t+C. 
\ a + ma  1 


,(c). 


In  this  equation  it  only  remains  to  substitute  in  succession 
the  two  values  of  m furnished  by  (b).  The  two  resulting 
equations,  in  which  the  arbitrary  constants  must  of  course  be 
supposed  different,  will  express  the  complete  solution  of  the 
problem. 

When  the  values  of  m are  equal,  the  form  (c)  furnishes 
directly  only  a single  equation  of  the  complete  solution.  We 
may  deduce  the  other  equation,  either  by  the  method  of  limits 
(assuming  the  law  of  continuity),  or  by  eliminating  x from 
the  given  system  by  means  of  (c),  and  then  forming  a new 
differential  equation  between  y and  t.  It  seems  preferable 
however  to  employ  the  general  method  of  Art.  5,  by  which 
all  difficulties  connected  with  the  presence  of  equal  or  imagi- 
nary roots  are  referred  to  the  corresponding  cases  of  ordinary 
differential  equations. 

7.  Simultaneous  equations  are  so  often  presented  under  the 
symmetrical  form  (11)  that  the  appropriate  mode  of  treatment 
deserves  to  be  carefully  studied,  especially  as  it  possesses 
the  superiority,  always  in  point  of  elegance,  and  frequently 
in  point  of  convenience,  over  other  processes. 

It  is  known  that  each  member  of  a system  of  equal  frac- 
tions is  equal  to  the  fraction  which  would  be  formed  by  divid- 
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ing  any  linear  homogeneous  function  of  their  numerators  by 
the  same  function  of  their  denominators.  Hence  if  we  have  a 
system  of  equations  of  the  form 


dxl  _ dxt  _ dxn  _ dt 

~xt~xt x~ ~ r 


(16), 


in  which  we  suppose  t the  independent  variable,  and  T a 
function  of  t only,  then  we  shall  have 


dt  _ dx%  -f  mdxt...  4 rdxn 
T Xt  + m Xt . . . + rXn 


(17). 


Hence,  should  the  first  member  be  an  exact  differential,  the 
inquiry  is  suggested  whether  the  multipliers  m,, ...  r cannot  be 
so  determined,  whether  as  functions  of  the  variables  or  as 
constants,  as  to  render  the  second  member  such  also.  Now 
when  the  system  of  equations  is  linear  and  with  constant  co- 
efficients this  can  always  be  effected.  It  may  be  observed 
that  the  character  of  the  system  is  as  manifest  from  inspection 
of  the  symmetrical  form  (16)  as  of  the  ordinary  form.  If  the 
system  be  linear  and  with  constant  coefficients  the  denomina- 
tors X.,  X,,...X,  will,  when  considered  with  respect  to  the 
dependent  variables  xt,  xa,...xm,  be  linear  and  with  constant 
coefficients. 

In  the  employment  of  this  method  it  is  often  of  great  ad- 
vantage to  introduce  a new  independent  variable,  and  to  con- 
sider all  the  variables  of  the  given  system  as  dependent 
upon  it.  We  are  thus  enabled  to  secure  the  condition  above 
adverted  to,  of  having  one  member  of  the  symmetrical  system 
an  exact  differential. 


Ex.  Given 


dx 


dy 


ax  + by  +c  a'x  + b'y  + c' 


Let  us  introduce  a new  variable  t so  as  to  give  to  the  system 
the  form 

dx  _ dy  _dt  f ^ 

ax  + by  + c a'x  + b'y+  c t 'a'’ 
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Here  the  third  member  being  an  exact  differential,  we  shall 
write 

dt  _ dx  + mdy 

t ax  + by  + c + m (ax  + b'y  + c') 

_ dx  + mdy 

(a  + ma!)  x + (b  + mb' ) y + c + me 

1 (a  + via ')  dx  + (a  4-  ma')  mdy 
a + via'  (a  + ma')  x + [b  + mb')  y + c + me  ’ 

The  second  member  of  this  equation  will  be  an  exact  differen- 
tial if  we  have 

[a  + ma!)  m = b + mb' [b), 

the  integral  corresponding  to  each  value  of  m thus  determined 
being  of  the  form 

log<  + G = — -- — y log  {(a  + ma!)  x + [b+mb')y  + c + me), 
a + ma  1 ' ' * 

i 

or  C’t  = [ax  + by  + c + m [dx  + b'y  + c')}0+,Ba . 


If  the  roots  of  the  quadratic  (b)  are  mt  and  m3,  we  thus  find 


C,t  = [ax  + by  + c + m1  [dx  + b'y  + c')}a+™‘“' 

1 

C3t  = [ax  + by  + c + m3  [dx  + b'y  + c')}0'*”*'*’ 


(c), 


for  the  primitive  equations  of  the  system  (a).  Those  of  the 
given  system  will  be  obtained  by  eliminating  t.  The  result 
assumes  the  remarkable  form 


[ax  + by  + c + m,  [dx  + b'y  + c')]0+mi° 

_ l 

[ax  + by  + c + m%  [dx  + b'y  + 

Ex.  2.  Given  ^ = — where 


(<*)• 


X=ax  + by  + cz  + d 
Y = dx  + b'y  + c'z  + d!  • 
Z = a"x  + b"y+c"z  + d", 


[a). 
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Introducing  a new  variable  t,  so  as  to  give  to  the  system  the 
more  complete  form 


dt  _dx  _dy  _dz 
1~X~T~Z 


(*), 


we  have 


dt  _ Idx  4-  mdy  + ndz 
t IX  -I"  m X "f-  nZ 


Idx  + mdy  + ndz 
\ (lx  + my  + nz  + r) 

Provided  that  we  assume 


al  + dm  -\-d'n  — \l 
bl  + b'm  + b"n  = Xm 
cl  + cm  + c'n  = Xn 
dl  + dm  -f  d"n  = Xr  . 


(«). 


(d). 


The  first  three  of  these  may  be  written  in  the  form 

(a  — X)  l + dm  + d'n  = 0 "i 

bl  + (b'  — X)  m + b"n  = 0 l (e), 

cl  + cm  + ( c " — X)  n = 0 J 

whence  eliminating  l,  m,  n we  have  the  well  known  cubic 

(a  - X)  (b'  - X)  (c  - X)  - b"c  (a  - X) 

— ca"  (b'  — X)  — ba  ( c X)  + db”c  + a 'be'  = 0 ...  (f) . 

Now  let  the  values  of  X hence  found  be  X,,  Xa,  X8,  and  the 
corresponding  values  of  l,  m,  n,  r,  be  llf  mv  rx,  lt,ma,  &c. 
then  integrating  (c)  we  shall  have  the  system 

i_ 

c,<  = (l,x  + mjy  + 

cat  = (Ijc  + m%y  + nf  + rt)A», 

2 

c3t  = (Ip  + m3y  + naz  + rs)A». 

Hence  eliminating  t by  equating  its  values,  we  find  as  the 
general  solution  of  the  original  system  of  equations 


Digitized  by  Google 


300 


LINEAR  EQUATIONS  OF  THE  FIRST  ORDER 


I 1 

(IjX  4-  mxy  4-  nxz  + = C (ljc  + may  + n2z  + 


1 

= C'  (ljc  + may  + n/  4-r8)A* ...  iff). 


In  the  same  way  we  may  integrate  the  general  system 


dxx  _ dx2 


where  Xv  Ars, ...  X„  are  any  linear  functions  of  the  variables. 

8.  From  the  above  results  the  solutions  of  various  sym- 
metrical systems  in  which  the  denominators  are  not  linear 
may  be  deduced.  The  most  remarkable  of  such  deductions  is 
the  following. 


Suppose  that  in  the  system 
dx  _ dy 

ax'  + by  + cz  ax'  4-  by  4-  cz 


dz' 

ax  4-  b"y  + cz 


* • • ( a ) > 


the  solution  of  which  is  known  from  what  precedes,  we  sub- 
stitute 

x = xz,  y'  = yz\ 

x and  y being  new  variables  introduced  in  the  place  of  x and 
y . The  result  is 

zdx  + xdz  zdy  4-  ydz  dz 

ax  + by  + c ax  + b'y  + c ax  4-  b"y  4-  c" } 

to  which  we  may  obviously  give  the  form 

zdx  _ zdy 

ax +by + c—  x {a"x+b"y +c")  ax+b'y+c  —y  (a" x+b"y +c") 

_ dz 

ax  4-  l)'y  4-  c"  * 

Dividing  the  first  equation  of  this  system  by  z,  we  have 

,= ^ 

ax+by+c— x(a  x+b  y+c')  a'x+b'y+c—  y(a"x+b"y+c")  ' 

Now  this  on  clearing  of  fractions  will  be  found  to  be  of  the  same 
form  as  Jacobi’s  equations  ( Crelle , Tom.  xxiv.  p.  1),  whose 
solution  on  other  grounds  has  been  explained,  Chap.  v.  Art.  8. 
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We  see  that  the  solution  of  (b)  is  deducible  from  that  of 
the  system  (a)  by  changing  x into  xz',  y into  yz,  and  elimi- 
nating z. 

And  just  in  this  way  the  solution  of  any  symmetrical 
non-linear  system  of  the  form 


dxx  dx3 

Xx-xxX~  Xa-XtX 


(18), 


in  which  X,  Xxt  Xt,...Xn  are  linear  functions  of  the  variables 
xx,  x3,  ...xn  may  be  made  to  flow  from  that  of  a symmetrical 
system  of  the  form 


dxx  _dx.2  _ dx„+1 

Xt~  Xa  X^x 


(19), 


in  which  Xx,  Xa,...Xn+1  are  linear  homogeneous  functions  of 
the  variables  xx,  x^.-.x^.  The  general  solution  of  the  sys- 
tem (18)  seems  to  have  been  first  obtained  by  Hesse  ( Crelle , 
Tom.  xxv.  p.  171). 


9.  Lastly,  certain  systems  of  linear  equations  which  have 
not  constant  coefficients  may  be  solved  by  the  above  method. 

Tlius  the  solution  of  the  equations 

^+T(«x  + Sy)=3r 

y r (a), 

§ + 5 rVx+Vy)-T, 

where  T,  Tx,  Tt  are  functions  of  the  independent  variable, 
may  be  reduced  to  that  of  an  ordinary  linear  differential  equa- 
tion of  the  first  order. 

For  proceeding  as  before,  we  find 

i^^-+\T{x  + my)-Tt+mT, (}), 

provided  that  X and  m be  determined  by  the  conditions 

\ = a + md,  \m  = b + mb' (c). 
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Hence  eliminating  X,  we  have 

to  (a  + too')  = b + mb' ( d ), 

which  gives  two  values  for  to.  Integrating  ( b ) regarded  as 
a linear  equation  of  the  first  order  between  x + my  and  t,  and 
substituting  for  X its  value  in  terms  of  to  given  by  the  first 
equation  of  the  system  (c),  we  have 

x + my  (Tx  + mTJ  dt) (e), 

in  which  it  remains  to  substitute  for  m its  values  given  by  (d). 

Ex.  Given  ^ + -^(a;-y)  = l,  ^ + i(®  + 5 y)  = t. 

The  solution  is 

+ *+2y=p(c,+3+|). 

If  in  the  system  (a)  we  make  T=  1,  it  becomes  a system  of 
equations  with  constant  coefficients  but  possessed  of  second 
members. 

The  general  system  analogous  to  (a)  when  the  number  of 
variables  is  increased,  may  be  solved  by  the  same  method. 
It  may  be  well  to  notice  that  the  equivalent  symmetrical  form 
is 

<^1  _ dxn  _dT  /CKVl 

Xx+T~ Xt+T, ”'~Xn+Tn~  T { 

where  Xx,  Xv  ...Xn  are  linear  homogeneous  functions  of  the 
dependent  variables,  and  T,  Tx, ...  Tn  are  functions  of  T. 
Treated  under  this  form,  it  is  obvious  that  its  solution  will 
be  made  to  depend  upon  that  of  a linear  differential  equation 
of  the  first  order,  and  an  auxiliary  algebraic  equation  of  the 
degree. 

Equations  of  an  order  higher  than  the  first. 

10.  Any  system  of  simultaneous  equations  of  an  order 
higher  than  the  first  is  reducible  to  a system  of  the  first  order. 
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And  this  reduction  though  not  always  necessary  for  the  pur- 
pose of  solution  is  theoretically  important,  because  it  enables 
us  to  predicate  what  kind  of  solution  is  possible. 

To  effect  this  reduction  it  is  only  necessary  to  regard  as  a 
new  variable  and  to  express  as  such  by  a new  symbol,  each 
differential  coefficient,  except  the  highest,  of  each  dependent 
variable  in  the  given  equations.  The  transformed  equations 
will  thus  be  of  the  first  order,  and  the  connecting  relations  of 
the  first  order  also;  and  the  two  together  will  constitute  a 
system  of  simultaneous  equations  of  the  first  order. 

Ex.  Given  the  dynamical  system 

d?x „ d y *y  d z ~ 

~df-  ' de~  ’ df~’ 
where  X,  Y,  Z are  functions  of  the  variables. 

Here  if  we  assume 

dx  , dy  , dz  , 

~dt~X'  ~dt~V'  Tt~Z’ 

the  given  system  assumes  the  form 

dx'  _ y dy  _ y.  dz'  _ y 

~dt~  ' ~dt~  ’ ~di~z‘ 

Thus  we  have  in  the  whole  six  equations  of  the  first  order 
between  the  six  dependent  variables  x,  y,  z,  x\  y,  z,  and  the 
independent  variable  t. 

The  complete  solution  of  the  latter  system  will  therefore 
consist  of  six  equations  connecting  the  above  system  of  varia- 
bles with  six  arbitrary  constants. 

If  from  these  six  equations  we  eliminate  the  three  new 
variables  x\  y,  z',  we  obtain  three  equations  connecting  the 
original  variables  x,  y,  z,  t with  the  above-mentioned  six 
arbitrary  constants. 

And  thus  it  might  be  shewn  that  the  complete  solution  of 
any  system  of  three  differential  equations  of  the  second  order 
between  four  variables  will  be  expressed  by  three  primitive 
equations  connecting  these  variables  with  six  arbitrary  con- 
stants. 
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And  still  more  generally , the  complete  solution  of  a system  of 
n differential  equations  containing  n + 1 variables  of  which  one 
is  independent  will  consist  of  n equations  connecting  those 
variables  with  a number  of  constants  equal  to  the  sum  of  the 
indices  of  order  of  the  several  highest  differential  coefficients. 


For  let  t be  the  independent  and  x one  of  the  dependent 
variables,  and  let  the  highest  differential  coefficient  of  x 


which  presents  itself  be 


Then  in  the  reduction  of  the 


system  of  given  equations  to  a system  of  equations  of  the  first 
order  it  is  necessary  to  introduce  n — 1 new  variables  con- 
nected with  x by  the  relations 


dx  dx.  dx. 

di~x"  dt  ~X'"'~dt  ~X^' 


Thus  the  number  of  variables  in  the  transformed  system  cor- 
responding to  x and  its  differential  coefficients  will  be  n,  and 
as  a similar  remark  applies  to  all  the  other  variables,  it  ap- 
pears that  the  total  number  of  variables  of  the  transformed 
system  will  be  equal  to  the  sum  of  the  indices  of  the  orders  of 
the  highest  differential  coefficients  of  the  several  dependent 
variables  in  the  system  given.  Such  then  will  be  the  number 
of  equations  of  the  transformed  system,  and  such  the  number 
of  constants  introduced  by  their  complete  integration.  Art.  5. 

It  is  also  evident  that  if  from  the  equations  by  which 
the  complete  solution  is  expressed  we  eliminate  all  the  new 
variables  there  will  remain  a number  of  equations  equal  in 
number  to  the  original  equations,  and  connecting  the  primi- 
tive variables  with  the  constants  above  mentioned.  Thus  the 
proposition  is  established. 

The  transformation  above  employed  is  further  important, 
because  in  the  highest  class  of  researches  on  theoretical  dy- 
namics it  is  always  supposed  that  the  differential  equations  of 
motion  are  reduced  to  a system  of  simultaneous  equations  of 
the  first  order. 

At  the  same  time  it  is  not  necessary  for  ordinary  purposes 
to  effect  this  reduction.  Differentiation  and  elimination  al- 
ways enable  us  to  arrive  at  a differential  equation,  higher  in 
order,  between  two  of  the  variables.  The  method  of  indeter- 
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minate  multipliers  may  also  be  sometimes  used  with  advan- 
tage. No  general  rule  can  however  be  given. 


Ex.  1. 


Given 


cPx  , 

3F =ax+h, 


d'y 

d? 


= ax  + b’y. 


1st  method.  Differentiating  the  first  equation  twice  with 
r respect  to  t,  we  have 

dKx  _ d%x  , cPy 

W~aTe+bd?’ 


Eliminating  y and 
have 


cTy 

de 


from  the  above  three  equations,  we 


(a). 


The  complete  integral  of  this  linear  equation  with  constant 
coefficients  will  determine  x,  whence  y is  given  by  the  formula 


2nd  method.  From  the  given  equations  we  find 

d x d y . , /7  * 7*\ 

^ + m = (a  + rm)  x + \b  + mb)  y 


b + mb' 
a + ma! 


Let  x + my  = u,  then  provided  that  we  determine  m by  the 
condition 


m 


b + mb' 
a + ma' 


(*), 


we  shall  have 


whence 

B.  D.  E. 


d^u  , 

= (a  + ma)u, 

ti=C,e(*'mar'i,+  Cfia*ma')\ 


20 
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Let  mv  mt  be  the  values  of  m given  by  (b),  then  the  complete 
primitive  system  is 

x + mly  = Cl£{a^)it  + Cf**"'*'*', 

x + miV  = 0^^+  C4fia*m&\ 


and  this  is  really  equivalent  to  the  previous  solution,  though 
more  symmetrical. 

» » ' 

Ex.  2.  The  approximate  equations  for  the  horizontal  mo- 
tion of  a pendulum  when  the  influence  of  the  earth’s  rotation 
is  taken  into  account*  are 


_ 2r  — 0 

df  dt+  l 

d-l  + 2r^  + M = 0 

df+  dt+  l 


(«), 


l,  g,  and  r being  constants  representing  the  length  of  the 
pendulum,  the  force  of  gravity,  and  the  vertical  component  of 
the  force  resulting  from  the  earth’s  rotation,  respectively. 


As  the  equations  have  constant  coefficients  they  admit  of 
complete  integration.  If  we  differentiate  so  as  to  enable  us  to 

eliminate  y,  ^ and  , we  find  as  the  result 


d*x 

df 


x = 0 


(b), 


the  complete  solution  of  which  is  of  the  form 

x = A cos  (mj  + a)  +B  cos  (mj.  + yS) (c), 

where  A,  a,  B , yS  are  arbitrary  constants,  and  m*,  m*  are  the 
two  roots  with  signs  changed  of  the  equation 

t*-2(2r'  + £)t+^  = 0. 

* Jullien,  Problimes  de  Mtcanique  Ralionnelle,  Tom.  n.  p.  233. 
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From  the  above  value  of  x that  of  y may  be  obtained  by 
means  of  the  formula 


?/  = _ i_  (2r  + l.) 

y 2rg  dt  g ^ 2 rl)  dt 


which  is  readily  deduced  from  the  given  equations. 
The  above  system  may  also  be  solved  by  assuming 
x = x cos  rt  + y sin  rt 
y = — x sin  rt  + y cos  rt 

The  transformed  equations  are 


d*x' 

dt 


0, 


d* 

de 


f+fy=°, 


(e). 


whence  we  find 


x = A cos  &1  + B sin  ^ 
y'  = A'  cos  ^ + 2?'sin  y~ 


(/)• 


11.  In  problems  connected  with  central  forces  particular 
forms  of  the  following  system  of  equations  present  themselves, 
viz. 


d*x  _ dR  d*y  _ dR  d*z  _ dR 

dt*  dx  ’ dt*  dy  ’ dt * dz 


where  I?  is  a given  function  of  the  quantity  *J(x*  + y*  + zs) 
or  r.  Multiplying  the  above  equations  by  dx,  dy,  dz  respec- 
tively, and  integrating,  we  have 


1 

2 


= R + B 


V), 


B being  an  arbitraiy  constant. 


, . . dR  dR  dr  x dR  p ,, 

Again,  since  ^ = ~ ~dr>  &c.  tlie  glven  system 

of  equations  may  be  expressed  in  the  form 

d*x  _ x dR  d*y  _ y dR  d*z  _ z dR 

dt * r dr  ’ dt  r dr  ’ dt  r dr ' 

20—2 
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Now  if  from  each  pair  of  equations  we  eliminate 
obtain 


we 


dfy  <Fx  d*z 

Vdi f 


df  ~ 


d%x  dfz 


of  which  it  is  evident  that  two  only  are  independent.  Inte- 
grating these,  we  have 


_ dx  dz  „ 

c-  ‘~drxdi=c-- 


3’ 


dy  dx  „ dz  dy 

*%-'■> di  = 0"  *drzdr 

Cx,  Ca,  C3  being  constants. 

Squaring  the  last  three  equations  and  adding,  we  obtain 
a result  which  may  be  expressed  in  the  form 

= C?+C;+C?  = A\ 

or,  by  virtue  of  ( b ) and  of  the  known  value  of  r, 

2^(£  + B)-(r  = (c), 


whence 


dt  = 


rdr 

*J{2r'(R  + B)-A\ 


0, 


f ’ rdr 

1 + ® =}^r\R  + B)-^\  

Again,  it  is  evident  that  by  means  of  (c)  we  can  eliminate  li 
from  each  equation  of  the  system  (a).  For  (c)  gives 


*~H{£+(s)}- 

Substituting  which  in  the  first  of  the  given  equations,  we 
have 


d'x  _ * /_  A*  dr  d dr\ 

df  r i,  ra  ^ dt  dr  dt) 

_ x / A*  <2V\ 

r \ r3  df)  ' 
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d?x  drr  A*x 

Hence 

rHe~xde  + ~V 

= 0, 

d , d x A* x 

or 

dt'dt  r+  7-  ' 

= 0; 

•’  T dtT  dt  [r)+A  r U‘ 

If  we  now  assume  = d<f>,  the  above  becomes 


d * 


,r/  x . 

7,4  + - — 0, 

d(p  r 


oc  • 

whence  - = cr,  cos  <f>  + &,  sin  <f> . * , 


In  like  manner,  we  find 

^ = at  cos  <f>  + b%  sin  </> . 


(/)• 


(9)> 


^ = af  cos  <f>  + bt  sin  (A), 

in  which  we  must  substitute  for  </>  its  value,  viz. 

x _ [ Adt  _ f Adr  , ^ 

<P~J  ~~J  rVR'^  [lt  + B + A')\ W* 

To  this  expression  it  would  be  superfluous  to  annex  an  arbi- 
trary constant  before  that  substitution.  For  each  of  the 
second  members  of  ( f ),  (g),  ( h ) is  expressible  in  the  form 
C cos  (<f>+  C')f  in  which  <f>  is  already  provided  with  an  arbi- 
trary constant. 

The  solution  is  therefore  expressed  by  means  of  (e)  and  (t), 
which  determine  r and  the  auxiliary  <f>  as  functions  of  t,  and 
by  (/),  (g),  (A),  which  then  enable  us  to  express  x,  y,  z as 

functions  of  t.  As  we  have  however  made  no  attempt  to 
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preserve  independence  in  the  series  of  results,  the  constants 
will  not  he  independent.  If  we  add  the  squares  of  (f),  (y), 
(h),  we  shall  have 

1 =s  (a*  + a*  + a*)  cos* <f>  + 2 (afil  + a2ba  + aa\)  sin <f>  C08 <f> 

+ (V  + K + K)  8in‘  <f>, 

which  involves  the  relations  among  the  constants 

ai  + at  + aa  = L K*  + K + K~  l>  aA  + °A  + aA  = 0- • • (*) • 

The  six  constants  in  (/),  (g),  (h),  thus  limited  supply  the 
place  of  only  three  arbitraiy  constants,  and  there  being  three 
also  involved  in  (e),  the  total  number  is  six,  as  it  ought  to  be. 
In  the  same  way  we  may  integrate  the  more  general  system 

d*xx  _ dR  d*x%  _ dR  d*xK  _ dR 

~W  ~ ’ He  ~d^a'"’ 

where  R is  a function  of  \/(x*  + x* ...  +a?»*).  The  results, 
which  have  no  application  in  our  astronomy,  are  of  the  form 
which  the  above  analysis  would  suggest.  Biuet,  to  whom 
the  method  is  due,  has  applied  it  to  the  problem  of  elliptic 
motion.  (Liouville,  Tom.  II.  p.  457).  For  all  .practical  ends 
the  employment  of  polar  co-ordinates,  as  explained  in  treatises 
on  dynamics,  is  to  be  preferred. 

12.  The  following  example  presents  itself  in  a discussion 
by  M.  Liouville*,  of  a very  interesting  case  of  the  problem  of 
three  bodies. 

Ex.  Given 

- + »*{«-  3x'  (ux  + vy ')}  = 0, 

d*v 

_ + „*  _ 3^'  (ux'  + vy')}  = 0 ; 

where,  for  brevity,  x'  is  put  for  cos  (at  + b),  y for  sin  (at  + b). 
If  we  transform  the  above  equation  by  assuming 
nx  + vy'  = U}  uy  — vx  = Vt 

• Sur  tin  cas  particulier  du  Probttme  det  trois  corps.  Journal  de  Mathema- 
tiques,  Tom.  i.  2nd  series,  p.  248. 
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we  find,  after  all  reductions  are  effected, 


<TU 

de 

<TV 

de 


dV 

+ 2a  5f  + (a*  + 2n*)  U=  0, 


dt 

2 a + (ft*  — a*)  F=0. 


And  these  equations  being  linear  and  with  constant  co- 
efficients, may  be  integrated  by  the  process  of  the  previous 
section. 


EXERCISES. 

dx  y . dy 

!.  ^ + 4z  + f=0,  -^  + 3y-a;  = 0. 


dt 


2.  ^ + 7x  - y = 0,  ^ + 2a;  + 5y  = 0. 


3.  4^  + 9^  + 44x+49y  = <,  3§  + 7^  + 34*  + 38y  = e‘. 


dtv'  dt 


4.  * + 5a;  + y=e‘,  ^ + 3y-z  = e«. 


5. 


dy 


2 y — 5a:  + e*  a;  — 6y  + e“ 

c?y  dz 


= cft. 


6.  — dx  — 


3 y + 4 z 2y  + 5z  * 

7.  ^-3aj-4y + 3 = 0,  +»- 8y  + 5 =0. 

8.  ^-3x-4y  + 3=0,  ^+®+y  + 5 = 0. 


de 

<Tx 


9.  ^ + nfx  = 0,  ^ = 0. 


, „ dy  dz  dt  , 

10.  Given  yfjv  - ^ = ? where 
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X = ax  + by  + cz,  F = ax  + b'y  + c'z,  Z—  a!'x  + b"y-r c’z,  and 
T,  Tlt  T3,  T%  are  functions  of  t. 

11.  What  is  the  general  form  of  the  solution  of  a system 
of  n simultaneous  equations  of  the  first  order  between  n + 1 
variables  ? 

12.  What  number  of  constants  will  be  involved  in  the 
solution  of  a system  of  three  simultaneous  equations  of  the 
first,  second  and  fourth  order  respectively  between  four 
variables? 


13. 


Of  the  system  of  dynamical  equations, 


cFx  fix 

+ V 


= 0, 


(Fz  fiz 

d?  + 7’ 


= 0, 


where  r — (a*  + y*  4-  seven  first  integrals  are  obtained  of 
which  it  is  subsequently  found  that  five  only  are  independent. 
How  many  final  integrals  can  hence  be  deduced  without  pro- 
ceeding to  another  integration  ? 

14.  Given  a^  = (b  — c)yz (1), 

b if =(c-°) zx (2)»  c%  = (a-V)xy (3)* 

Putting  ~—ml,  — =m,  — = n we  find,  on  eliminating  dt, 
b — c c — a a—b 

Xxdx  = mydy  = nzdx, 

from  which  y and  x will  be  fonnd  in  terms  of  x,  and  their  values  will  reduce  (1)  to 
a differential  equation  of  the  first  order  between  x and  t. 

Or  multiply  the  given  equations,  first  by  x,  y,  s,  respectively,  add  the  results 
and  integrate;  2ndly  by  ax,  by,  ex,  respectively,  add  the  results  and  integrate. 
Then  by  means  of  the  integrals  obtained  eliminate  two  of  the  variables  from 
any  of  the  given  equations. 

15.  Shew  that  in  the  example  of  Art.  12,  the  transform- 
ation 

x =*  x'  cos  ( rt  + e)  + y sin  ( rt  + e ), 

y = — x sin  (rt  + e)  +y'  cos  (rt  + e), 

e being  an  arbitrary  constant,  would  not  lead  to  a more 
general  solution  than  the  one  actually  arrived  at. 
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CHAPTER  XIV. 


OP  PARTIAL  DIFFERENTIAL  EQUATIONS. 


1.  Partial  differential  equations  are  distinguished  "by  the 
fact  that  they  involve  partial  differential  coefficients  in  their 
expression,  and  therefore  indicate  the  existence  of  more  than 
one  independent  variable.  Chap.  I.  Art.  2. 

The  nature  of  these  equations  will  be  best  explained  by 
one  or  two  examples  of  the  mode  of  their  formation. 

Ex.  1.  The  general  equation  of  cylindrical  surfaces  is 

x — lz  = <j)(y  — mz) (1), 

<f>  being  a functional  symbol,  and  l and  m constants  deter- 
mining the  direction  of  the  generating  line.  As  this  is  a 
relation  connecting  three  variables  we  are  permitted  to  regard 
two  of  them  as  independent.  Choosing  x and  y as  the  inde- 
pendent variables,  and  differentiating  with  respect  to  them  in 
succession,  z being  regarded  as  dependent  on  them  both, 
we  have 

1 - lS E (2). 


Eliminating  the  function  <f>'  (y  — mz),  there  results 


7 dz  . dz  . 
l-r-  + m-r=\ 
ax  ay 


(4), 


the  partial  differential  equation  of  cylindrical  surfaces.  Of 
this  equation  (1)  is  termed  the  general  primitive. 

In  the  above  example  a linear  partial  differential  equation 
of  the  first  order  has  been  formed  by  the  elimination  of  a 
single  arbitrary  function. 
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Ex.  2.  If  we  assume  as  a primitive  equation 


z = ax  + by  — ab (5), 

and,  after  regarding  * and  y as  independent,  differentiate  with 
respect  to  these  variables  in  succession,  we  have 


dz 

35  = a’ 


Eliminating  a and  b by  substitution  in  the  primitive,  there 
results 

dz  dz  dz  dz 
Z X dx+y  dy  dxdy 


•(6), 


a partial  differential  equation  of  the  first  order,  but  not  linear. 

Now  this  equation  has  been  formed  by  the  elimination  not 
of  an  arbitrary  function  but  of  two  arbitrary  constants.  The 
equation  (5)  is  here,  by  way  of  distinction,  called  the  com- 
plete primitive.  The  epithets  general  and  complete  seem  to 
nave  been  employed  by  Lagrange  to  denote  the  two  kinds  of 
generality  which  arise  from  arbitrary  functions,  and  from  arbi- 
trary constants,  respectively. 


Ex.  3.  Given  z =<f>(y  + ax)  +^r(y  — ax),  where  <f>  and  -<//• 
are  arbitrary  symbols  of  functionality. 

Proceeding  to  differential  coefficients  of  the  second  order 
we  find 

^ = a*  {<f>" (y  + ax)+f"(y -ax)}, 


whence 


<f>"(y+ax)+f"(y-ax) 
d*z_  td*z 

da?~a  dy* 


(7), 


a partial  differential  equation  of  the  second  order  and  of  the 
first  degree. 

And  this  equation  has  been  formed  by  the  elimination  of 
two  arbitrary  functions  from  the  general  primitive. 
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These  examples  illustrate  the  usual,  and  what  may  per- 
haps with  propriety  be  termed  the  'primary , modes  of  genesis 
of  partial  differential  equations,  viz.  the  elimination  of  arbi- 
trary functions,  and  the  elimination  of  arbitrary  constants. 
It  is  to  be  noted  that  these  modes  are  perfectly  distinct. 
Thus  we  might  in  Ex.  1,  by  specifying  the  form  of  the 
function  <£,  eliminate  the  constants  l and  m from  the  primi- 
tive (1),  and  the  derived  equations  (2)  and  (3),  instead  of 
eliminating  the  functional  forms  from  the  two  latter ; but  the 
result  would  differ  in  character,  as  well  as  in  the  mode  of  its 
origin,  from  that  which  has  been  actually  obtained.  We 
must  bear  in  mind  that  when  from  a primitive  equation  of 
given  form  different  partial  differential  equations  are  derived,  it 
is  owing  to  a difference  of  assumption  as  to  what  is  to  be  re- 
garded as  arbitraiy;  so  that  we  are  not  permitted  to  say  that  to 
the  same  primitive,  considered  in  the  same  sense  of  generality, 
different  partial  differential  equations  belong. 

In  Ex.  1,  a partial  differential  equation  of  the  first  order  has 
been  formed  from  a general  primitive  containing  one  arbitrary 
function,  and  in  Ex.  3 a partial  differential  equation  of  the 
second  order  has  been  formed  from  a general  primitive  contain- 
ing two  arbitrary  functions.  These  examples  exhibit  a certain 
analogy  with  the  genesis  of  ordinary  differential  equations,  the 
order  of  the  equation  being  equal  to  the  number  of  constants 
in  its  primitive.  But  this  analogy  is  not  general.  For  let 

F{x,y,z,  i/r(r)}=0, 


be  an  assumed  primitive  containing  two  arbitrary  functions 
^r(v),  where  u and  v are  given  functions  of  x,y,  z. 
Then  representing  the  first  member  by  F,  regarding  x and  y 
as  independent  variables,  and  forming  all  possible  derived 
equations  up  to  the  second  order,  we  have 


dF 

dx 


A dF  n 

«r0' 


d*F_  d'F  dxF  n 
da f ’ dxdy  ’ dif  ’ 

which  with  the  given  equation  make  six  equations.  But  these 
containing  the  six  functions 

<£(«)»  4>»>  f' (v), 
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do  not,  in  general,  suffice  to  enable  us  by  the  elimination  of 
the  latter,  to  form  a partial  differential  equation  of  the  second 
order  free  from  arbitrary  functions. 

We  see  then,  1st  that  partial  differential  equations  do  not 
arise  from  the  elimination  of  arbitrary  functions  only ; 2ndly, 
that  even  as  respects  this  mode  of  genesis,  no  general  canons 
exist  similar  to  those  which  govern  the  connexion  of  ordinary 
differential  equations  with  their  primitives.  On  both  these 
grounds  it  will  be  proper,  in  considering  special  classes  of 
equations,  to  examine  their  special  origin  ana  to  seek  therein 
the  clue  to  their  solution. 

Solution  of  partial  differential  equations. 

2.  The  following  preliminary  theorem  is  of  much  impor- 
tance. 

Theorem.  When  the  partial  differential  coefficients  in  the 
given  equation  are  all  taken  with  respect  to  one  only  of  the 
independent  variables,  we  are  permitted  to  integrate  as  if  the 
other  independent  variables  were  constant,  adding  at  the  last 
an  arbitrary  function  of  the  latter  instead  of  an  arbitrary 
constant. 

The  reason  of  this  will  appear  in  the  following  examples. 
dz 

Ex.  1.  Given  ® + y^-=0. 

Multiplying  by  dx,  integrating  with  respect  to  x , and  add- 
ing an  arbitrary  function  of  y,  we  have 

a? 

-+yz  = </>(y), 

the  solution  required. 

It  is  permitted  in  the  above,  and  in  all  similar  cases,  to 
complete  the  solution  by  adding  an  arbitrary  function  of  y, 
because,  with  reference  to  the  integration  effected,  y is  con- 
stant ; and  it  is  necessary  to  add  such  a complementary  func- 
tion in  order  to  obtain  the  most  general  solution,  because  an 
arbitrary  function  of  one  of  the  variables  is  more  general  than 
an  arbitrary  constant  not  involving  that  variable. 
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Ex.  2.  Given  y 2x  — 2z—y  — 0. 

This  equation  may  be  expressed  in  the  form 
dz  2 , 2x 

dy  y y 

Involving  no  differential  coefficient  with  respect  to  x,  it  may 
be  treated  as  a linear  differential  equation  of  the  first  order  in 
which  y is  the  independent,  and  z the  dependent  variable ; 
only  instead  of  an  arbitrary  constant  we  must  add  an  arbi- 
trary function  of  x.  The  final  solution  is 


x+y  + z = f<f>(x). 

letimes  happens  that  equations  not  belonging 
class  are  reducible  to  it  by  a transformation. 


It  sometimes 
above  class  at 


to  the 


Ex.  3.  Given  ^ = x*  + if. 

Let  ~fa,  = wi  then  we  have 


UW  o n 

whence  integrating  with  respect  to  y , and  adding  an  arbitrary 
function  of  x, 

Vs 

w = x‘y  + '^+<f>(x). 

dz 

Restoring  to  w its  value  , integrating  with  respect  to  x, 
and  adding  an  arbitrary  function  of  y,  we  have 

2 = + + -M®) dx + 

Now  (f>(x)  being  arbitrary,  f<f>(x)dx  is  also  arbitrary,  and  may 
be  represented  by  x(x)>  whence 

,_ir±£>+xW++w. 
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Linear  partial  differential  equations  of  the  first  order. 


3.  When  there  are  but  three  variables,  z dependent,  x and 
y independent,  the  equations  to  be  considered  assume  the 
form 


P,  Q,  and  R being  given  functions  of  x,  y,  z,  or  constant. 
This  form  we  shall  first  consider. 

Usually  the  differential  coefficients  ^ and  ~ are  repre- 
sented by  p and  q respectively.  The  equation  thus  becomes 

Pp+  Qq  = R (1). 


The  mode  of  solution  is  due  to  Lagrange,  and  was  first 
established  by  the  following  considerations. 

Since  z is  a function  of  x and  y,  we  have 

dz  =pdx  + qdy. 

Hence  eliminating  p between  the  above  and  the  given  equa- 
tion, we  have 

Pdz  — Rdx  = q (Pdy  — Qdx). 

Suppose  in  the  first  place  that  Pdz  — Rdx  is  the  exact  diffe- 
rential of  a function  u,  and  Pdy  — Qdx  the  exact  differential 
of  a function  v,  then  we  have 

du  = qdv. 

Now  the  first  member  being  an  exact  differential,  the  second 
must  also  be  such.  This  requires  that  q should  be  a function 
of  v,  but  does  not  limit  the  form  of  the  function.  Represent 
it  by  <f>'(v),  then  we  have  du  = <j>'(v)  dv,  whence 

(2). 

The  functions  u and  v are  determined  by  integrating  the 
equations 

Pdz  — Rdx  = 0,  Pdy  — Qdx  — 0, 


Digitized  by  Google 


OF  THE  FIRST  ORDER. 


319 


symmetrically  expressible  in  the  form 

dx  _dy  _dz  . . 

~F~  t>~H (3'’ 

and  of  which  the  solution,  Chap.  xill.  Art.  5,  assumes  the 
form 

u = a,  v = b (4), 

a and  b being  arbitrary  constants. 

Dismissing  the  particular  hypothesis  above  employed,  La- 
grange then  proves  that  if  in  any  case  we  can  obtain  two 
integrals  of  the  system  (3)  in  the  forms  (4),  then  u = cf>(v)  will 
satisfy  the  partial  differential  equation,  in  perfect  indepen- 
dence of  the  form  of  the  function  <f>. 

We  shall  adopt  a somewhat  different  course.  We  shall 
first  establish  a general  Rule  for  the  formation  of  a partial 
differential  equation  whose  primitive  is  of  the  form  « = <£(»), 
u and  v being  given  functions  of  x,  y,  and  z.  Upon  the  solu- 
tion of  this  direct  problem  we  shall  ground  the  solution  of 
the  inverse  problem  of  ascending  from  the  partial  differential 
equation  to  its  primitive. 

Proposition.  A primitive  equation  of  the  form  u = 
where  u and  v are  given  functions  of  x,  y,  z,  gives  rise  to  a 
partial  differential  equation  of  the  form 

Pp+  Qq  = R (5), 

where  P,  Q,  R are  functions  of  x,  y,  z. 

Before  demonstrating  this  proposition  we  stop  to  observe 
that  the  form  u = <f)(v)  is  equivalent  to  the  form 

F{x,  y,  z,  <f>(v)}  =0, 

<f>  being  an  arbitrary,  but  F a definite  functional  symbol. 

For  solving  the  latter  equation  with  respect  to  we 
have  a result  of  the  form 

</>  fy)  = Pi  (x,  y,  z),  or  4>(v)  =u 

on  representing  F1  (x,  y,  z)  by  u.  Thus  the  proposition 
affirmed  amounts  to  this,  viz.  that  any  equation  between  x,  y, 
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and  z which  involves  an  arbitrary  function  will  give  rise  to  a 
linear  partial  differential  equation  of  the  first  order. 

Differentiating  the  primitive  u = <f>(v),  first  with  respect  to 
x,  secondly  with  respect  to  y,  we  have 


du  du 
dx~  dz 

du  . du 


i>  = f w(s+si>)- 


du  du  . . (dv  dv  \ 


Eliminating  <}>'  (v)  by  dividing  the  second  equation  by  the 
first,  we  have 


du 

dy 

du 


du 

dz 

du 


— +~  £ 


dv  dv 
dz  ^ 
dv 


_ dy 


dv 


dx^  dz^  dx  + dz^ 


or,  on  clearing  of  fractions, 

(du  dv  du  dv\  (du  dv  du  dv\ 

\dy  dz  dz  dy)  ^ **"  \dz  dx  dx  dz)  ^ 

_ du  dv  du  dv  . > 

dx  dy  dy  dx 

Now  this  is  a partial  differential  equation  of  the  form  (5). 
For  u and  v being  given  functions  of  x,  y and  z,  the  coefficients 
of  p and  q,  as  well  as  the  second  member,  are  known.  The 
proposition  is  therefore  proved. 

As  an  illustration,  we  have  in  Ex.  1.  Art.  1,  ti  = x — lz, 
v=y  — mz,  whence 


du 

dx 


= 1, 


dv 


du  _ du  _ , 

dy~Q’  dz  ’ 

dv  , dv 
dy~  dz~  ™" 


Substituting  these  values  in  (6)  there  results, 
lp  + mg  = 1, 

which  agrees  with  the  result  before  obtained. 
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4.  The  general  equation  (6),  of  which  the  above  theorem 
is  a direct  consequence,  has  been  established  by  the  direct 
elimination  of  the  arbitrary  function.  But  the  same  result 
may  also  be  established  in  the  following  manner,  which  has 
the  advantage  of  shewing  the  real  nature  of  the  dependence  of 
the  coefficients  P,  Q,  It  upon  the  given  functions  u and  v. 

Differentiating  the  equation  u =f(v ) with  respect  to  all  the 
variables,  we  have 


and  as  this  equation  is  to  hold  true  independently  of  the  form 
of  the  function  f{v),  and  therefore  of  the  form  of  the  derived 
function  f ( v ),  we  must  have 


du  , du  du  , 
-rdx  + -j-dy+  — dz  = 0 


dx 


dz 


dx 

whence  we  find 


dv  , dv  , dv  , 


(8), 


dx dy dz 

clit  dv  <iu  dv  du  dv  du  dv  du  dv  du  dv 

dy  dz  dz  dy  dz  dx  dx  dz  dx  dy  dy  dx 


(9). 


Introducing  now  the  condition  that  z is  the  dependent, 
x and  y the  independent  variables,  we  have 

pdx  + qdy  — dz. 


To  eliminate  the  differentials,  let  the  terms  of  this  equation 
be  divided  by  the  respectively  equal  members  of  (9),  and  we 
have 


du  dv  du  dx A /du  dv  du  dv\ 
,dy  dz  dz  dy)  ^ \dz  dx  dx  dz) 


which  agrees  with  (6). 
B.  D.  E. 


du  dv  du  dv 
dx  dy  dy  dx 


(10), 

21 
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Now  if  in  the  above  general  form  we  represent  as  before  the 
coefficient  of  p by  P,  that  of  q by  Q,  and  the  second  member 
by  R,  we  see  from  (9)  that  P,  Q,  R are  proportional  to  dx, 
dy  and  dz,  in  the  system  (8).  But  that  system  is  precisely 
the  same  as  we  should  obtain  by  differentiating  the  equations 

u = a,  v = b, 

a and  b being  arbitrary  constants.  Hence,  the  partial  differ- 
ential equation  whose  complete  primitive  is  u=f(v),  may  be 
formed  by  the  following  simple  rule. 

Rule.  Forming  the  equations  u = a,  v = b,  where  a and  b 
are  arbitrary  constants , differentiate  them , and  determine  the 
ratios  of  dx,  dy,  dz  in  the  form 

dx_dy_dz 

P“  Q~  R 1 '* 

Then  will  Pp  + Qq  — Rbe  the  differential  equation  required. 

Or,  the  Rule  may  more  briefly  be  stated  thus.  Eliminate 
dx,  dy,  dz  between  the  three  equations, 

du  = 0,  dv  = 0,  dz  —pdx  — qdy  = 0 (12). 

It  is  worth  while  to  notice  that  the  partial  differential  equa- 
tion here  presents  itself,  like  many  other  results  of  analysis,  in 
the  form  of  a determinant.  . 


Ex.  The  functional  equation  of  surfaces  of  revolution,  the 
axis  passing  through  the  origin,  is 

lx  + my  + nz  — <j>  (a?  + y*  -f  e*)  ; 

their  partial  differential  equation  is  required. 


Here,  proceeding  according  to  the  Rule,  we  have 
Idx  + mdy  + ndz  = 0, 
xdx  + ydy  + zdz  = 0, 

whence 


dx  _ dy  _ dz 
mz  — my  nx  — Iz  ly  — mx  * 
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The  partial  differential  equation  therefore  is 

[mz  — ny ) p 4-  {nx  — lz)q  = ly  — mx. 


5.  We  proceed  in  the  second  place  to  apply  the  above 
results  to  the  inverse  problem  of  solution. 

From  what  has  been  said  of  the  origin  of  partial  differential 
equations  of  the  form  Pp+  Qq  = R it  is  evident  that  their 
solution  will  be  effected  by  the  following  rule. 


Rule.  Form  the  system  of  ordinary  differential  equations 


dx  dy  _dz 

P=~Q~R 


(13), 


and  express  their  integrals  in  the  forms  u = a,  v = b ; then  will 
the  equation  u =f(v),  where  f is  a symbol  of  arbitrary  function- 
ality, express  the  solution  required. 

For,  setting  out  from  the  assumed  primitive,  u—f(v),  we 
should,  by  the  application  of  the  previous  and  direct  Rule,  be 
led  to  the  partial  differential  equation  in  question. 

The  difficulty  of  the  process  consisting  therefore  solely  in 
the  integration  of  the  system  of  ordinary  differential  equations 
(13),  is  referred  to  the  methods  of  the  last  chapter. 


Ex.  1.  Given  xp  + yq  = nz. 


Here,  the  system  of  ordinary  differential  equations  is 

dx  _dy  _dz 
x y nz * 


and  the  variables  therein  are  separated.  The  integrals  may 
obviously  be  expressed  in  the  forms 


1 

x 


= c, 


Hence,  the  required  solution  is 


21—2 
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indicating  that  z is  a homogeneous  function  of  x and  y of 
the  n"*  degree. 

Ex.  2.  Given* (ma  — ny) p + ( nx  — lz)q  = ly  — mx. 

Here  the  system  of  ordinary  differential  equations  is 

dx  _ dy  _ dz 
mz  — ny  nx  — Iz  ly  — mx  ' 

From  these  we  readily  deduce 

Idx  + mdy  + ndz  = 0,  xdx  + ydy  + zdz  = 0, 


the  integrals  of  which  are 

lx  + my  + nz  = a,  x*  + y*  + z*  = b, 
the  final  solution  is  therefore 

lx  + my  + nz  = <f>  (x*  + y*  + z*). 

Ex.  3.  Given  (ysx  — 2x*)  ^ + (2 y*  — x3y)  ^ = 9 (xs  - y3)  ft. 

This  is  the  partial  differential  equation  on  the  solution  of 
which  would  depend  the  determination  of  the  general  inte- 
grating factor  of  the  equation  (x*y  — 2 y*)  dx  + (y3x—2x*)  dy  = 0. 
Chap.  IV.  Art.  6. 

The  system  of  ordinary  differential  equations  is 
dx  dy  dp 


y*x  — 2x*  2 y*  — xzy  9 (xa  — ya)  p 

The  first  equation  of  the  system  is 

(a ?y  — 2 y*)  dx  + {ysx  — 2x*)  dy  = 0, 
and  of  this  the  complete  solution  is 

x v 

y+*8_c* 

We  may  also  deduce  from  (a) 

s(*i + &')  +*_o. 

\x  y)  p 


■(«)• 
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Of  which  the  complete  primitive 


8 3 t 

x y fju  = c . 

Hence  the  solution  of  the  partial  differential  equation  is 

and  this  agrees  with  the  result  obtained  by  other  considera- 
tions in  the  chapter  referred  to. 

We  may  note  that  in  this,  as  in  all  similar  cases,  the  differ- 
ential equation  whose  integrating  factor  is  sought,  presents 
itself  as  one  of  the  equations  of  the  system  on  whose  solution 
the  complete  determination  of  the  factor  rests. 

6.  The  above  theory  may  be  obviously  extended  to  partial 
differential  equations  of  the  first  order  and  degree  involving 
any  number  of  variables. 

Let  xv  xt...xn  represent  the  independent  variables  and  z 
the  dependent  variable.  Let  moreover  the  primitive  func- 
tional equation  be  expressed  in  the  form 

u = <f){v1,  ) (14), 

where  u,  vlt  vt...vn  are  known  functions  of  the  variables. 

Differentiating  with  respect  to  all  the  variables,  and  for 
brevity  representing  4>(vv  vs... vn)  by  </>,  we  have 
, d<b  , , d($)  , 

du  = -y-  dv,  + -7—  avt ...  + dv .. 

dvl  1 dvt  * dvH 

But  <f> being  an  arbitrary  function  of  the  quantities  v1,va.. .vn, 
it  is  evident  that  the  supposition  that  the  above  equation 
is  generally  true  involves  the  supposition  that  the  system  of 
equations 

du  = 0,  (?«,  = (),  dva  = 0,  ...dvm=  0, 
is  true,  a system  of  which  the  developed  form  is 


du  7 du  , du  , 

dx‘-+ 


dz 


dv,  T dv,  1 dv,  , 
±dxl...  + j£  dxn  + —~  dz  = Q 


dx 


dz 


,(15). 


^ dxt...+  p*  dxm  + dz  = 0 
dx.  1 dxn  dz 
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Now  this  system  may  he  converted  into  an  eqnivalent  sys- 
tem determining  the  ratios  of  the  differentials  dxv  dx3...dx„,  dz, 
in  the  form 


dxt 

p. 


dx„  dz 


(16), 


where  P,,  P2...  P.  and  R are  functions  of  the  variables  or  are 
constants. 


Introducing  the  condition  that  z is  to  be  regarded  as  a func- 
tion of  xx , xs,  ...xn,  we  have 


pxdxx+ptdx,...+ pndxn  = dz (17), 

where  pi...pH  are  the  several  first  differential  coefficients  of 
z.  And  now  eliminating  the  differentials  dxx,  dxt,,  ...dxn,  dz 
from  (16)  and  (17)  by  division,  we  have 

PlPx  + PtPi  — + PnPn  = P (18), 


for  the  partial  differential  equation  sought. 

Conversely,  to  integrate  the  above  equation  it  is  only  neces- 
sary to  form  and  to  integrate  the  system  (16).  Representing 
the  integrals  of  that  system  in  the  forms 

u = a,  vx=bv  vt=bt.  ...vn  = bH, 


the  final  solution  will  be 

u = <f>(vlf  vt,...vn) (19), 

This  solution  may  also  be  put  in  the  form 

^(w,  vt,  ...  vn)  = 0 (20). 


Ex.  (y+z+u)j^  + (z+x+u)  -^  + (x+y+u)-^  = x+y  + z. 

(Lacroix,  Tom.  II.  p.  542.) 

Here  the  auxiliary  system  of  equations  is 

dx  dy  dz  _ du 

y + z + u z + x + u x + y + u x + y + z ’ 

which  is  reducible  to  the  form 


du  — dx  _ du  — dy  _du  — dz  _dx  + dy  + dz  + du 
x — u y — u z — u 3 (x+y  + z+w)  ’ 
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each  term  being  now  an  exact  differential.  The  system  of 
integrals  will  evidently  be 


{x  + y + z 4-  «)*. 


Or,  representing  the  function  x + y + z + u by  S, 

(*—«)  = Cj,  S*{y-u)  = ca,  Si{z-u)=c3. 

. Whence  the  complete  integral  symmetrically  exhibited 
will  be 

<I>  {S^(cc—  u),  S^(y  — u),  S^(z  — «)}=0. 


The  solution  of  all  partial  differential  equations  of  the  form 


dz 


dz 


xl£+x~...  + xni£  = z, 


'dx. 


dz 
' dx. 


where  Xlt  Xa, ...  Xn  and  Z are  any  linear  functions  of  the 
variables  xx,  xx,  ...xn,  z,  may  be  completely  effected. 


For  it  depends  on  the  solution  of  the  system  of  ordinary 
differential  equations 

dxx  _ dxa  _ dxn  dz 


which  has  been  fully  discussed  in  Chap.  xill. 


Hesse  has  integrated  the  still  more  general  equation  which, 
according  to  the  above  notation,  would  present  itself  in  the 
form 


, dz  ,r  dz 
Aldc.  + A* 


, y §L 

dxt’"+  ndxn 


+ Xn 


/ dz 

V'dx, 


dz  dz 
+ x> 


+ *. 


dz 

dxn 


-z)  = . 


where  X , Xg,...  are  any  linear  functions  of  the  variables. 
(Crelle,  Tom.  xxv.  p.  171.) 
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Non-linear  equations  of  the  first  order  with  three  variables. 

7.  Partial  differential  equations  of  the  first  order  with  two 
independent  variables  x,  y,  and  one  dependent  variable  z,  have 
for  their  typical  form 

F{x,  y,  z,p,  q)  = 0 (1). 

Those  which  are  linear  with  respect  to  p and  q,  we  have 
considered  apart.  Those  which  are  non-linear  we  proceed  to 
consider.  The  genesis  of  an  equation  of  this  class  from  a com- 
plete primitive  involving  two  arbitrary  constants  has  been 
illustrated  in  Ex.  2,  Art.  1 ; and  the  mode  is  general.  From 
a given  primitive,  involving  x,  y,  z with  two  arbitrary  con- 
stants, and  from  its  two  derived  equations  of  the  first  order 
formed  by  differentiating  with  respect  to  x and  ?/  respectively, 
it  is  possible  to  eliminate  both  the  constants.  The  result  is  a 
partial  differential  equation  of  the  first  order.  Conversely  the 
integration  of  such  an  equation  consists  mainly  in  the  discovery 
of  its  complete  primitive — not  that  this  is  its  only  form  of 
solution,  but  because  out  of  it  all  other  forms  are  developed. 
From  the  complete  primitive  involving  arbitrary  constants 
arise,  1st,  the  general  primitive  involving  arbitrary  functions; 
2ndly,  the  singular  solution.  The  terminology  of  Lagrange 
is  here  adopted.  ( Calcul  des  Fonctions,  Legon  xx.) 

The  process  of  solution  usually  employed  was  originated  by 
Lagrange,  and  completed  by  Charpit,  whose  name  it  com- 
monly bears. 


To  deduce  the  complete  primitive  of  a partial  differential 
equation  of  the  form  F(x,  y,  z,  p,  q)  = 0. 

The  existence  of  a primitive  relation  between  x,  y,  z in- 
volves the  supposition  that  the  equation 

dz  —pdx  + qdy (2), 

should  satisfy  the  condition  of  integrability, 


where 


represents  the  differential  coefficient  of  p with 
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respect  to  y on  the  assumption  that  p is  expressed  as  a func- 
tion of  x and  y,  and  the  differential  coefficient  of  q with 

respect  to  x,  on  a similar  assumption  as  to  the  expression  of  q. 
Now  regarding  p for  the  sake  of  greater  generality  as  a 
function  of  x,  y,  z,  z being  at  the  same  time  an  unknown 
function  of  x and  y,  we  have 

dp\  _dp  dp  dz 


\dyj  dy  dz  dy 

-<k+„dp 

~ dy  + q dz' 

Again,  suppose  that  by  means  of  the  given  differential 
equation,  q may  be  expressed  as  a function  of  x,  y,  z,  p.  Re- 
garding in  such  expression  z as  a function  of  x,  y,  and  p as  a 
function  of  x,  y,  and  z,  we  have 


dq\  _ dq  ^ dq  dz  ^ dq  (dp  ^ dp  dz 


m- 


+ 


dz  dx. 


dx  dz  dx  dp  \dx 

+~tzP+id£+dj,  tzP- 


)■ 


dx  + dzP  + dp  dx  ' 


Substituting  these  values  in  (3),  we  have  on  transposition 

(4)- 

Now  the  coefficients  —^~,q  —p  ^ , and  the  second  member 

7foc+P *~dz  ke*nS  known  functions  of  x,  y,  z,  p,  since  q as 

determined  by  the  given  equation  is  such,  the  above  presents 
itself  as  a linear  partial  differential  equation  of  the  first  order 
in  which  p is  the  dependent  and  x,  y,  z the  independent 
variables. 

Applying  therefore  Lagrange’s  process,  Art.  6,  we  have 
the  auxiliary  system 

dx  7 dz  dp 

(5): 

-dp  1-Pdp  3S+-P1 
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and  this,  it  is  to  he  observed,  is  a system  of  ordinary  differen- 
tial equations  between  x,  y,  z,  and  p.  It  may  further  be 
noted  that  while  it  has  been  formed  in  order  to  secure  the 
integrability  of  the  equation  dz  — pdx  + qdy,  it  also  includes 
that  equation.  For  it  gives 


jdy=  pdx  + qdy , 


since  by  the  equation  of  the  first  and  second  members 

-^pdy  = dx. 

Accordingly  if  from  the  system  (5)  we  can  deduce  a value 
of  p involving  an  arbitrary  constant,  that  value  together  with 
the  corresponding  value  of  q drawn  from  the  given  equation 
will  render  the  equation  dz  = pdx  + qdy  integrable.  Effecting 
the  integration  we  shall  obtain  an  equation  between  x,  y,  z 
and  two  arbitrary  constants  which  will  constitute  a complete 
primitive. 

We  say  a and  not  the  complete  primitive,  because  the  sys- 
tem (5)  may  furnish  more  than  one  value  of  p involving  an 
arbitrary  constant,  and  so  give  occasion  to  deduce  more  than 
one  complete  primitive.  Lagrange  had  indeed  proposed  to 
employ  the  general  value  of  p involving  arbitrary  functions, 
furnished  by  the  solution  of  the  partial  differential  equation 
(4).  The  sufficiency  of  a value  involving  only  an  arbitrary 
constant  was  remarked  by  Charpit  and  subsequently  recog- 
nised by  Lagrange. 

The  practical  rule  for  the  discovery  of  a complete  primitive 
of  the  equation  F (x,  y,  z,  p,  q)  = 0 is  therefore  the  following. 
Express  q in  terms  of  x,  y,  z,  p.  Substitute  this  value  in  the 
auxiliary  system  (5),  and  deduce  by  integration  a value  of  p 
involving  an  arbitrary  constant.  Substitute  that  value  of  p 
with  the  corresponding  value  of  q in  the  equation  dz—pdx  + qdy, 
also  included  in  the  auxiliary  system  (5),  and  again  integrate. 


Ex.  1.  Required  a complete  primitive  of  the  equation 
z=pq. 
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Substituting  - for  q,  the  system  (5)  becomes 
z J 2z  r 

The  equation  dp  = dy  gives  p = y + a,  whence  q ■ 


y + a 


dz=(p  + a)dx  + -—dy, 


Therefore 
of  which  the  integral  is 

z = {y  + «)  (*  + &) *(6)* 

a and  b being  arbitrary  constants.  This  then  is  a complete 
primitive. 

Another  will  be  found  by  employing  the  equation 

~iz  = ’ 

integrating  which,  we  have 


1 z ^ 

P = cz\  q=~, 

A 


A Z 

whence  dz  = cz^dx  H — dy. 

c J 

Integrating,  we  find 

2z^  = cx  + - y + e, 


(cat  + - + e)s 

or  »- 1 (7), 

e being  a new  arbitrary  constant.  It  will  be  found  on  trial 
that  both  (6)  and  (7)  satisfy  the  equation  z =pq. 

8.  PROP.  Given  a complete  primitive  of  a partial  differ- 
ential equation  of  the  first  order , to  deduce  the  general  primi- 
tive ana  the  singular  solution. 

Expressing  the  complete  primitive  in  the  form 

z=f{x,y,  a,l) (8), 
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a and  b being  its  arbitrary  constants,  the  partial  differential 
equation  is  itself  obtained  by  eliminating  a and  b between  the 
above  equation  and  the  derived  equations 


_ Jh  a,  b) 

dbi 


_ _ <?/(*,  ;/,  a,  b) 

> 2 ~ > 


dy 


or,  as  we  may  for  brevity  write, 


n=if  aj 

^ dx'  ^ dy 


• (95- 


Now  reasoning  as  in  Chap,  vm.,  the  effect  of  the  elimination 
will  be  the  same  if  a and  b,  instead  of  being  constants,  are 
made  functions  of  x and  y,  so  determined  as  to  preserve  to  the 
equations  (9)  their  actual  form.  But  a and  b being  made 
variable,  we  have 

_ df  df  da  df  db 
P dx^  da  dx^  db  dx' 


_ d f df  da  d f db 
^ dy^  da  dy^  db  dy' 

Hence  the  equations  for  determining  a and  b are 

df  da  d f db  _ 
da  dx  db  dx 


(10), 


H it  dh- a ri,\ 

da  dy  + db  dy~  1 Ll)m 

Now  this  system  may  be  satisfied  in  two  distinct  ways, 
1st  by  assuming 


if 

da 


= 0, 


db 


, (12). 


The  values  of  a and  b hence  found  lead,  on  substitution  in 
the  complete  primitive,  to  that  solution  which  Lagrange  terms 
singular. 
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2ndly,  Supposing  and  ^ not  to  vanish,  we  have,  on 

elimination  of  them  from  (10),  (11), 

da  db  da  db  _ . . 

dx  dy~fy  di  = ° [ 

Now  this  supposes  either,  1st,  that  a and  b are  constant,  which 
leads  us  hack  to  the  complete  primitive ; or,  2ndly,  that  b is 
an  arbitrary  function  of  a.  Chap.  IV.  Art.  3.  Again,  multi- 
plying (10)  by  da  and  (11)  by  db,  and  adding,  we  have 


^ da  + —■  db  = 0 , 
da  db 


(14). 


Thus  the  system  (10),  (11)  is  now  replaced  by  the  system 
(13),  (14). 

Making  then,  in  accordance  with  (13),  b = </>(«),  the  expres- 
sion for  z in  (8)  becomes 

z =/{®>  y>  a>  </>(«)}> 

while  (14)  becomes 

V,  a,<f>{a)}=0. 

And  these  together  constitute  what  Lagrange  terms  the  gene-  ' 
ral  primitive.  To  apply  them  it  is  only  necessary  to  give  a 

Itarticular  form  to  <p(a),  and  then  eliminate  a.  Hence  the  fol- 
owing  theorem. 


Theorem.  The  complete,  primitive  of  a partial  differential 
equation  of  the  first  order  being  expressed  in  the  form 

»=/(*,  (!5), 


the  general  primitive  will  be  obtained  by  eliminating  a between 
the  equations 


z =/{»,  y,  a,  <f>  (a)}  ' 

n df{x,  y,  a,  <f>(a)  ■ 
U_  da 


(16), 
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the  singular  solution,  by  eliminating  a and  b between  (15)  and 
the  equations 


df(x,  y,  a,b)  _ 
da 


o....(n). 


It  will  be  observed  that  the  process  for  obtaining  the  general 
primitive  is  virtually  equivalent  to  that  by  which  we  should 
seek  the  envelope  of  the  surfaces  defined  by  the  corresponding 
complete  primitive,  the  constants  a and  b being  treated  as 
variable  parameters  connected  by  an  arbitrary  relation,  while 
the  process  for  obtaining  the  singular  solution  is  that  by 
which  we  should  seek  the  envelope  of  (15),  supposing  a and 
b to  be  independent  parameters. 

Thus,  of  the  system  of  solutions  which  consists  of  a complete 
primitive,  a general  primitive,  and  a singular  solution,  the 
complete  primitive  must  be  regarded  as  forming  the  basis, 
and  the  system  itself  geometrically  interpreted  includes  the 
surfaces  represented  by  the  complete  primitive  together  with 
the  whole  of  their  possible  envelopes. 

Ex.  To  deduce  the  general  primitive  and  singular  solution 
of  the  equation  z =pq. 

A complete  primitive  being 

z = {y  + a)  (x  + b) (a), 

the  corresponding  general  primitive  will  be  expressed  by  the 
system 

z=(y  + a)  {x  + <f>(a)} 

0 = x + <f>  (a)  + (y  + a)  <£'(a) 

from  which  a must  be  eliminated  when  the  form  of  <f>(a)  is 
assigned.  Another  form  of  the  complete  primitive  being 

(cx  + - + e)a 

*= 7— to, 


the  corresponding  form  of  the  general  primitive  will  be 
S = i (c®  + ^ + ^r(c)}* 


0 = X — \ + ^'(c) 
C 


to), 
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from  which  c must  be  eliminated  when  the  form  of  <f>(c)  is 
assigned. 


To  deduce  the  singular  solution,  we  have  from  (a), 


dz 

da 


— x-\-b  = §, 


dz 

Hence,  b — — x,  a = —y  which,  substituted  in  (a),  gives 
2 = 0,  a singular  solution.  The  same  result  is  deducible 
from  (c). 

9.  In  the  last  example,  two  complete  primitives,  two  cor- 
responding forms  of  general  primitive,  and  one  common  form 
of  singular  solution  are  presented.  Two  systems  of  solution 
appear,  and  the  question  arises : Does  either  system  suffice 
alone  ? The  answer  is  given  in  the  following  theorem. 


Theorem.  All  possible  solutions  of  a partial  differential 
equation  of  the  first  order , are  virtually  contained  in  the  system 
consisting  of  a single  complete  primitive,  with  the  derived  general 
primitive  and  singular  solution. 

As  before,  we  shall  represent  the  proposed  differential  equa- 
tion and  its  given  complete  primitive  in  the  forms, 


F{x,y,  z,p,  q)=0 (18), 

2 “/(*.  y.  «>  &) (19). 

We  shall  also  represent  in  the  form, 

* = %(*»  y) (20), 


some  solution  of  (18),  of  which  nothing  more  is  known  than 
that  it  is  a solution.  We  are  to  shew  that  such  solution  is 
included  in  the  system  of  solutions  of  which  the  common 
primitive  (19)  constitutes  the  basis. 

If  we  represent  for  brevity  the  values  of  z in  (19)  and  (20) 
by  /and  x respectively,  we  shall  have,  since  both  are  solu- 
tions of  (18), 

*(«*/•£  D=° <2I)’ 
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'(***& 1)=° <22>- 


From  the  form  of  the  above  equations  it  appears  that  if 
a and  b are  so  determined  as  to  satisfy  two  of  the  conditions, 


f=  df  = dX  it  = dX 

J dx  dx  ’ dy  dy 


, (23), 


they  will  satisfy  the  third.  For  suppose  they  satisfy  the  first 
two,  then  the  system  (21),  (22)  may  be  expressed  in  the  form 

in  which  the  truth  of  the  third  equation  of  (23)  is  involved. 

Now,  as  (19)  satisfies  (18)  whatever  constant  values  we 
assign  to  a and  b,  it  still  will  do  so  if,  after  the  differentiations 

bv  which  4-  and  are  found,  we  substitute  for  a and  b 
J dx  dy 

any  functions  of  x and  y. 

But  a and  b can  be  determined  so  as  to  satisfy  two  con- 
ditions. Hence  they  can  be  determined  so  as  to  satisfy  the 
system  (23).  Differentiating  the  equation /=  % on  the  hypo- 
thesis that  a and  b are  functions  so  determined,  we  have 

df  df  da  df  db  _ dx 

dx  ^ da  dx  db  dx  dx  ’ 

df  df  da  df  db  _ dx 

dy  da  dy  db  dy  dy 

Here,  -f-  , 4-  have  the  same  values  as  in  (23),  being  ob- 
dx  dy 

tained  by  differentiating  as  if  a and  b were  constant.  Hence, 
reducing  by  (23),  we  have 


df  da  ^df  db 
da  dx  db  dx 
d f da  d f db  _ 
da  dy  db  dy 


(25). 
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But  these  are  the  equations  (10)  (11),  Art.  8,  by  which  the 
system  of  solutions  founded  upon  the  complete  primitive  is 
constructed. 

The  argument  then  is  briefly  this.  If  2 = % ( x , y)  is  a 
solution  of  the  given  partial  differential  equation,  it  is  possible 
to  determine  a and  b in  the  given  complete  primitive  so  as 
to  satisfy  the  equations  (23) ; therefore  so  as  to  satisfy  the 
equations  (25) ; therefore  so  as  to  indicate  a necessary  in- 
clusion of  z = v (x,  y)  in  the  system  which  is  founded  upon 
the  given  complete  primitive. 

Cor.  1.  Hence  the  connexion  of  a given  solution  with  a 
given  complete  primitive  may  be  determined  in  the  following 
manner.  Adopting  the  foregoing  notation,  determine  the 
values  of  a and  b which  satisfy  the  system  (23).  If  those 
values  are  constant,  the  solution  is  a particular  case  of  the 
complete  primitive ; if  they  are  variable,  but  so  that  the  one 
is  a function  of  the  other,  the  solution  is  a particular  case  of 
the  general  primitive ; if  they  are  variable  and  unconnected  it 
is  a singular  solution. 

Cor.  2.  Hence  also  any  two  systems  of  solutions  founded 
upon  distinct  complete  primitives  are  equivalent.  For  each 
is  virtually  composed  of  all  possible  particular  solutions. 

Ex.  The  equation  z =pq,  has  for  its  complete  primitive 

z — (x  + a)  (y  + b ),  and  for  a particular  solution  z = . 

What  is  the  connexion  of  this  solution  with  the  complete 
primitive  ? 

We  have  by  (23), 

{x+a)iy+l)Jjt+*r, 


y + b = 


y + x 


x + a 


y + x 
2 * 


These  equations  are  not  independent,  the  first  being  the 
product  of  the  last  two.  Any  two  of  them  give 


B.  D.  E. 


y — x 
d = ' , 

O J 


b 


x-y 

2 


> 


22 
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whence  b = — a.  Thus,  the  values  of  a and  b being  variable, 
but  such  that  & is  a function  of  a,  the  proposed  solution  is 
a particular  case  of  the  general  primitive. 

Some  general  questions,  but  of  minor  importance,  relating 
to  the  functional  connexion  of  different  forms  of  solution,  will 
be  noticed  in  the  Exercises  at  the  end  of  this  chapter. 

In  quitting  this  part  of  the  subject,  we  may  observe  that 
there  are  two  modes  in  which  the  questions  it  involves  may 
be  considered.  The  first  consists  in  shewing  that  the  gain 
of  generality,  which  in  Charpit’s  process  accrues  in  the  tran- 
sition from  the  complete  to  the  general  primitive,  is  equal  to 
that  which  Lagrange’s  original  but  far  more  difficult  process 
secures  by  the  employment  of  the  general  value  of  p drawn 
from  (4),  instead  of  a particular  value  drawn  from  its  auxiliary 
system.  The  proof  of  this  equivalence,  as  developed  with 
more  or  less  of  completeness,  by  Lagrange  and  Poisson, 
( Lacroix , Tom.  II.  p.  564,  III.  p.  705),  and  recently  by  Prof. 
De  Morgan,  ( Cambridge  Journal,  Yol.  VII.  p.  28),  is,  from  its 
complexity,  unsuitable  to  an  elementary  work.  The  other 
mode  is  that  developed  in  the  foregoing  sections. 

Derivation  of  the  singular  solution  from  the  differential 
equation. 

10.  The  complete  primitive  expresses  z in  terms  of  x , y, 
a,  b.  The  differential  equation  expresses  z in  terms  of  x,  y, 
p,  q.  Either  is  convertible  into  the  other  by  means  of  the 
two  equations  derived  from  the  complete  primitive  by  differ- 
entiating with  respect  to  x and  y respectively.  Hence  it  is  not 
difficult  to  establish  the  two  following  equations, 


dz  (T‘z  dz  dz 

dz  da  dbdy  dh  dady 

dp  dlz  d'z  dz  d'z 

dadx  dbdy  dady  dbdx 

dz  dz  dz  dz 

dz  _ da  dbdx  db  dadx 

dq  ~ d'z  dz  cFz  d'z 

dadx  dbdy  dady  dbdx 
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in  the  first  members  of  which  z is  supposed  to  be  expressed 
in  terms  of  x,  y,  />,  q by  means  of  the  differential  equation,  in 
the  second  members,  in  terms  of  x,  y,  a , b by  means  of  the 
complete  primitive. 

Now  the  singular  solution  is  deduced  from  the  complete 
primitive  by  means  of  the  equations 


9 


(27); 


and  it  is  evident  from  the  form  of  (26),  that  this  will  generally 
involve  the  conditions 


dz  . dz 
df~°’  dq~° 


(28). 


Such  then  will  generally  be  the  conditions  for  determining 
the  singular  solution  from  the  differential  equation. 


The  conditions  (28)  will  not  present  themselves,  should  the 
denominator  of  the  right-hand  members  of  (26)  vanish  identi- 
cally. But  it  may  be  shewn  that  in  this  case  the  conditions 
(27)  do  not  lead  to  a singular  solution.  And  analogy  renders 
it  probable  that  whenever  the  conditions  (28)  are  satisfied  the 
result,  if  it  be  a solution  at  all,  will  be  a singular  solution. 
The  complete  investigation  of  this  point,  however,  would  in- 
volve inquiries  similar  to  those  of  Chapter  VIII. 

The  Rule  indicated  is  then  to  eliminate  p and  q from  the 
differential  equation  by  means  of  the  equations  (28)  thence  de- 
rived. 


11.  The  following  geometrical  applications  are  intended  to 
illustrate  the  preceding  sections. 

Ex.  1.  Required  to  determine  the  general  equation  of  the 
family  of  surfaces  in  which  the  length  of  that  portion  of  the 
normal  which  is  intercepted  between  the  surface  and  the  plane 
x,  y,  is  constant  and  equal  to  unity. 

As  the  length  of  the  intercept  above  described  in  any  sur- 
face is  z (1  +p*  + £*)*,  we  have  to  solve  the  equation 

z'(l+p'  + f)=l (a). 

22—2 
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Hence  q = (z-2— 1— ^2)1,  and  the  auxiliary  system  (5),  Art.  7, 
becomes,  on  substitution  and  division  by  ( z~ *—  1 —p2)*, 


dx 
V ' 


dy 


dz 


z3dp 

(z~*—  1 —£>*)*  z~*—  1 p 


.(b). 


From  the  last  two  members  we  have  on  integration 

c (1  — z*)* 

Substituting  this,  with  the  corresponding  value  of  q derived 
from  (a),  in  the  equation  dz  =pdx  + qdy  we  have 

, c(l  — z*)1  dx  . S\,  (1  — z*)1  , 

dz  = — J + (1  - cy>  — dy, 

z z 

integrating  which  in  the  usual  way,  we  find 

(1  — z*)*  = — cx  — (1  — c*)»y  — c, 

or,  changing  the  signs  of  c and  c', 

(1  - z*)1  = cx  - (1  - c*)*y  + c (c), 


which  is  a complete  primitive.  The  corresponding  form  of  tlie 
general  primitive  will  be 


,(d). 


(1  — z*)1  =■  cx  — (l  — c^y  + <f>(c)  ) 

o =x—c  (l  — + <f>  (c)  j’*’’ 

from  which  c must  be  eliminated. 

But  another  system  of  solutions  exists ; for  from  the  first, 
third,  and  fourth  members  of  (b)  we  may  deduce 

pdz  + zdp  + dx  =■  0, 

whence  pz  + x = a,  from  which,  and  from  the  given  equation 
determining  j)  and  q,  we  have  to  integrate 

z Z J 


The  result  is 


(x-a)*  + (y -b)2  +z*=  1 (e), 
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a complete  primitive.  The  corresponding  general  primitive  is 

(x-a3)  + {y-^ (a)}a  + zs  = l \ 
x — a + [y  — ^(a)} (a)  = 0 J ^ ' 

To  deduce  the  singular  solution  from  the  differential  equa- 
tion (a)  we  have 

sV- o,  |=«(i-/-sV= o, 

whence  jp  = 0,  q = 0 ; substituting  which  in  (a)  we  find 

z — ±1. 

The  above  example  illustrates  the  importance  of  obtaining, 
if  possible,  a choice  of  forms  of  the  complete  primitives.  The 
second,  of  those  above  obtained,  leads  to  the  more  interpret- 
able results.  It  represents  a sphere  whose  radius  is  unity  and 
whose  centre  is  in  the  plane  x,  y,  while  the  derived  general 
primitive  represents  the  tubular  surface  generated  by  that 
sphere  moving  but  not  ceasing  to  obey  the  same  conditions. 
The  singular  solution  represents  the  two  planes  between  which 
the  motion  would  be  confined.  All  these  surfaces  evidently 
satisfy  the  conditions  of  the  problem. 

Ex.  2.  Required  to  determine  a system  of  surfaces  such 
that  the  area  of  any  portion  shall  be  in  a constant  ratio 
(m  : 1)  to  the  area  of  its  projection  on  the  plane  xy. 

The  differential  equation  is  evidently 

1 +i>*  + (f  = m3, 

and  it  will  readily  be  found  that  it  has  only  one  complete 
primitive,  viz. 

z — ax  + — a3  — 1)  y + b. 

Thus  the  general  primitive  is 

z = ax  + V (*»*  — o*  — 1)  y + <f>  (a) 

°“*-VR^T)s'+f(a): 
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and  this  represents  various  systems  of  cones  and  other  develop- 
able surfaces. 

Similar  but  more  interesting  applications  may  be  drawn 
from  the  problem  of  the  determination  of  equally  attracting 
surfaces. 

12.  Attention  has  already  been  directed  to  the  different 
forms  in  which  the  solution  of  a non-linear  equation  may 
sometimes  be  presented.  It  may  be  added  that  linear  equa- 
tions admit  generally  of  a duplex  form  of  solution.  The  ordi- 
nary method  gives  directly  the  equation  of  the  system  of 
surfaces  which  they  represent ; Charpit’s  method  leads  to  a 
form  of  solution  which  exhibits  rather  the  mode  of  their 
genesis. 

Ex.  Lagrange’s  method  presents  the  solution  of  the  equa- 
tion 

(mz  — ny) p-\-  (nx  — Iz)  q — ly — mx (a), 

in  the  form 

lx  + my  + nz  = <f>  (pd  + y*  + z*) ( b ), 

the  known  equation  of  surfaces  of  revolution  whose  axes  pass 
through  the  origin  of  coordinates. 

Charpit’s  method  presents  as  the  complete  primitive  of  (a) 

(a  — cl)*  + (y  — cm)*  + (z  — cn)2  = rt (c), 

c and  r being  arbitrary  constants.  This  is  the  equation  of 
the  generating  sphere.  The  general  primitive  represents  its 
system  of  possible  envelopes. 

These  solutions  are  manifestly  equivalent. 

Symmetrical  and  more  general  solution  of  partial  differential 
equations  of  the  first  order. 

13.  The  method  of  Charpit  labours  under  two  defects, 
1st,  It  supposes  that  from  the  given  equation  q can  be  ex- 
pressed as  a function  of  x,  y,  z,p ; 2ndly,  It  throws  little  light 
of  analogy  on  the  solution  of  equations  involving  more  than 
two  independent  variables — a subject  of  fundamental  import- 
ance in  connexion  with  the  highest  class  of  researches  on 
Theoretical  Dynamics.  We  propose  to  supply  these  defects. 
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It  will  have  been  noted  that  Charpit’s  method  consists  in 
determining  p and  q as  functions  of  x,  y,  z,  which  render  the 
equation  dz  = pdx  + qdy  integrable.  This  determination  pre- 
supposes the  existence  of  two  algebraic  equations  between 
x,  y,  z,p,  q ; viz.  1st,  the  equation  given,  2ndly,  an  equation 
obtained  by  integration  and  involving  an  arbitrary  constant. 
Let  us  represent  these  equations  by 

F{x,  y,  z, p,  q)  = 0,  (*, y,z,  p,q)  = a....  (29), 

respectively.  And  let  us  now  endeavour  to  obtain  in  a general 
manner  the  relation  between  the  functions  F and 


Simply  differentiating  with  respect  to  x,  y,  z,  p,  q,  and  re- 

. dF  v dF , di>  . „ . 

presenting  ^ by  A,  ^byl,  ^ by  P,  ^ by  F,  &c.  we 

have  Xdx  4-  Ydy  + Zdz  + Pdp  + Qdq  = 0, 

X'dx + Ydy  + Z'dz  + F dp  +Q'dq  = 0 ; 
or,  substituting  pdx  + qdy  for  dz, 

(X+pZ)dx+(Y+qZ)dy  + Pdp  + Qdq=  0...(30), 
(A'  +pZr)  dx  + ( 1 + qZ ) dy  + P dp  + Q dq  = 0. . . (31). 

But,  representing  for  brevity  ^ and  ^ , by  r,  s,  t, 
respectively,  we  have 

dp  = rdx  + sdy  1 

dq  = sdx  + tdy  J ' ' 


Substituting  these  values  in  (31)  we  have 

( X’  +pZ’  + rP'  + a Q')  dx  + ( Y + qZ'  + sP  + tQ)  dy  = 0, 

which,  since  dx  and  dy  are  independent,  can  only  be  satisfied 
by  separately  equating  to  0 their  coefficients.  These  furnish 
then  the  two  equations 


~(X'  +pZ')=rF  + sQ' 
-(Y'  + qZ')=8P  + tQ'  . 


(33). 
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Now  these  equations  are  of  the  same  form  as  (32).  They 
establish  the  same  relations  between  the  functions 


-(X'+pZ'),  -{Y'  + qZ'),  P',  q (34), 

as  (32)  does  between  the  differentials  dp,  dq,  dx,  dy. 

It  follows  that  if  we  give  to  dx  and  dy,  which  are  arbitrary, 
the  ratio  of  the  last  two  of  the  functions  (34)  then  will  dp  and 
dq  have  the  ratio  of  the  first  two,  so  that  the  following  will  be 
a consistent  scheme  of  relations,  viz. 

dx  dy  dp  dq  /orN 

F~q~  X'  + pZ'~  Y'  + qZ' h 

Now  dividing  the  successive  terms  of  (30)  by  the  successive 
members  of  (35)  we  have 

{X  + PZ)  F + ( Y+  qZ)  q-P (X'  +pZ') 

-Q{Y'  + qZ')  = 0 (36). 

This  is  the  relation  sought.  It  might  be  obtained  by  direct 
elimination  by  multiplying  the  equations  of  (33)  by  P and  Q 
respectively,  and  the  corresponding  equations  derived  from  (30) 
by  F and  Q'  respectively,  and  subtracting  the  sum  of  the 
former  from  the  sum  of  the  latter. 


It  is  obvious  too,  and  the  remark  is  important,  that  we 
might  pass  directly  from  (30)  to  (36)  by  substituting  for  dx, 
dy,  dp,  dq,  the  functions  of  (34),  and  that  this  substitution 
is  justified  by  the  identity  of  relations  established  in  (32) 
and  (33). 

If  in  (36)  we  substitute  for  X,  Y,  &c.  their  values,  and 
transpose  the  second  and  third  terms,  we  have 


dF  dF\  _ /d<$>  dF  fdF  dF\  d<t> 

dx  dz  ) dp  \dx  dz  ) dp  + \dy  ^ dz  ) dq 


fd$>  d<t> 


’)?=« 


(37). 


Such  is  the  relation  which  connects  the  functions  F and  O. 
When /is  given  it  assumes  the  form  of  a linear  partial  differ- 
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ential  equation  of  the  first  order  for  determining  If  from 
its  auxiliary  system  we  can  deduce  any  integral  involving  an 
arbitrary  constant,  and  such  that  in  conjunction  with  the 
given  equation  it  enables  us  to  determine  p and  q as  functions 
of  x,  y,  z,  the  subsequent  integration  of  dz  =pdx  + qdy  will 
lead  to  a form  of  the  complete  primitive. 


14.  Analogy  now  points  out  the  method  to  be  pursued 
for  the  solution  of  equations  involving  more  than  two  inde- 
pendent variables. 

Prop.  To  deduce  the  complete  primitive  of  the  partial 
differential  equation 


F (x^  xa ...  xn,  z , pv  p2  ...p^)  — 0 (38), 


where 


In  the  first  place  we  must  seek  to  determine  values  of  p. , 
Py...pn  in  terms  of  the  primitive  variables  xv  xi...xn,  z,  such 
as  will  render  integrable  the  equation 


dz  =p]dx1  +padxa ...  +pndxn (39). 

Suppose  one  of  the  equations  requisite  in  conjunction  with 
(38)  for  this  determination  to  be 


•••«»>  Pt,pt,  ... p«)=al (40). 


Then  representing  the  first  members  of  (38)  and  (40)  by  their 
characteristics  F and  T,  differentiating,  and  substituting  for 
dz  its  value  given  in  (39),  we  have  results  which  may  be  thus 
expressed, 


where  2,  represents  summation  from  » = 1 to  i=n. 


dz 


But  since  Pt-y^y  we  have 
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d?z 


, dPz  , (Pz  7 

dVl~l^^dx' + d^fa, dx%  ”•  + 


tlx{dx, 


dx. 


(43). 


Substituting  this  value  in  (42),  we  shall  be  permitted,  in  con- 
sequence of  the  independence  of  the  differentials  dxl  dxv..dxn, 
to  equate  their  respective  coefficients  to  0. 


It  is  easy  to  see  that  the  coefficient  of  dxT  will  be 
d<&  , d<$>  , d$?  <Fz 

r)  _1_  > — 

dx. 


dz  ‘ dp{  dxidxr  * 

Equating  this  to  0,  we  have,  on  transposition, 

fd<t>  d®\  __  ^ <Fz  d<t> 
\dxr  dz  ) 1 dxi  dxr  dp{ ' 

Hence,  changing  i into  r and  r into  *, 

dlz  d<t> 


d<J>  d<$>\ 
frt+P' 


^ a z aKLj 

= 7 J ~T~ 


dxrdxt  dpr 

Now  comparing  this  with  (43),  and  observing  that 
cPz 


(44). 

cPz 

dxtdxr 


= , we  see  that  the  systems  of  differentials  represented 

by  dpi  and  dxr  respectively  are  connected  by  the  same  rela- 
tions as  the  systems  of  functions  represented  by 

-(S+^^)ani^resi>ectiTelJr- 

Hence,  by  the  reasoning  of  the  previous  example,  it  is  per- 
mitted to  substitute  in  (41),  for  the  differentials,  the  correspond- 

/d<t>  (/<$> 

ing  functions,  viz.  for  dp„  — + ~J^J  > an^  f°r 

We  thus  find 

*{(dF,  dF\  d<f>  dF(d<$>  A ,.r, 

^Xsdx+P' dz)  dp,  dPi  \dx*Pl  dz)\  ° 

the  summation  extending  from  t = 1 to  t = n.  This  is  the 
relation  sought,  and  it  is  seen  to  be  symmetrical  with  respect 
to  F and  <I>.  When  F is  given,  it  becomes  a linear  partial 
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differential  equation  for  determining  <I>.  From  its  auxiliary 
system  of  ordinary  differential  equations  it  suffices  to  obtain 
n — 1 integrals, 

= «.»  — (46), 

such  as,  in  conjunction  with  the  given  equation,  will  enable 
us  to  determine/),,  pt,...pn  in  terms  of  the  original  variables; 
then  integrating  (39),  we  shall  obtain  the  complete  primitive 
in  the  form 

/ (®i»  •••  z,  o,,  A,, ...  an)  = 0. ...... ..(47). 

All  other  forms  of  solution  are  hence  deducible  by  regarding 
a,,  aa,  ...  a*  as  parameters  varying,  independently  or  in  sub- 
jection to  connecting  relations,  but  so  as  to  leave  unaffected 
the  forms  of  pv  pt, ...  p*. 

It  is  proper  to  observe  that  the  given  equation  F = 0 is 
itself  included,  among  the  particular  integrals  of  (45).  In  fact 
F is  one  of  the  forms  of  O which  make  <&  = a,  a solution,  as 
will  be  found  on  trial.  The  given  equation  is  therefore  a 
particular  integral.  And  therefore  the  n — 1 integrals  of  the 
system  (46)  must  be  independent  of  it  in  order  to  render  the 
determination  of  possible. 

The  equation  (45)  may  be  expressed  as  follows : 

(dF  d^  dF  dFs  — — 

* \dxi  dpt  dpi  dxj  dz  t^i  dpt  dz  ,^i  dp, 

And  under  this  elegant  form,  obtained  however  by  a more 
complex  analysis,  the  solution  is  presented  by  Brioschi  ( Tor - 
tolini,  Tom.  VI.  p.  426,  Intomo  ad  una  proprieth  delle  equa- 
zioni  alle  derivate  parziali  del  primo  or  dine). 

The  problem  of  the  integration  of  partial  differential  equd- 
tions  of  the  first  order,  irrespectively  of  the  number  of  the 
variables,  appears  to  have  been  first  solved  by  Pfaff,  but  the 
most  complete  discussion  of  it  will  be  found  in  a memoir  by 
Cauchy  ( Exercicee  d Analyse,  Tom.  II.  p.  238.  Sur  V integra- 
tion des  Equations  aux  derMes  partieUes  du  premier  ordre ),  in 
which  the  determination  of  tne  arbitrary  functions  of  the 
general  primitive  so  ^s  to  satisfy  given  initial  conditions  is 
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fully  considered,  The  connexion  of  the  subject  with  Theo- 
retical Dynamics  was  first  established  by  tne  researches  of 
Sir  W.  Hamilton  and  J acobi.  The  truth,  illustrated  above, 
that  the  solution  of  a partial  differential  equation  of  the  first 
order  is  reducible  to  that  of  a system  of  ordinary  differential 
equations,  and  the  truth  that  the  solutions  of  certain  systems 
of  differential  equations  (including  that  of  dynamics)  may  be 
reduced  to  the  discovery  of  a single  function  defined  by  a 
partial  differential  equation,  are  correlative.  The  researches 
above  referred  to,  together  with  those  of  Liouville,  Bertrand, 
and  Bour,  founded  partly  upon  their  results  and  partly  upon 
the  allied  discoveries  of  Lagrange  and  Poisson  concerning  the 
variation  of  the  arbitrary  constants  in  dynamical  problems, 
contain  the  most  important  of  recent  additions  to  our  specu- 
lative knowledge  of  Differential  Equations.  For  this  reason 
we  have  dwelt  upon  their  history.  Fuller  information  will  be 
found  in  Mr  Cayley’s  excellent  Report  on  the  Recent  Pro- 
gress of  Theoretical  Dynamics.  ( Report  of  British  Associa- 
tion, 1857). 

EXERCISES. 


1.  How  are  equations,  in  which  all  the  differential  coeffi- 
cients have  reference  to  only  one  of  the  variables,  solved  ? 


2 dz  ^ y 

dx  *J(y*  — a?)  ' 


q dz  _ y 
dx  x + z’ 


4.  The  partial  differential  equation  of  the  first  order  which 
results  from  a primitive  of  the  form  u=f(v),  where  u and  v 
are  determinate  functions  of  x,  y,  z,  is  necessarily  linear. 
Drove  this. 


5.  ap  + bq  = 1. 


6.  p + q-~- 

* a 


7.  yp  + xq  = z. 


8.  a?p  — xyq  + y*  = 0. 


9 Integrate  the  equation  of  conical  surfaces 
{a  - x)p  + (b -y)  q - c - z. 


10.  xzp  + yzq  = xy. 

11.  (y*  + z*  — x*)  p — 2 xyq  + 2 xz  = 0. 
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12.  Required  the  equation  of  the  surface  which  cuts  at 
right  angles  all  the  spheres  which  pass  through  the  origin  of 
coordinates  and  have  their  centres  in  the  axis  of  x. 

It  will  be  found  that  this  leads  to  the  partial  differential  equation  of  the  last 
problem. 

13.  z — xp  — yq  = a (ad  + y>  + z*)^. 

14.  Find  the  equation  of  the  surface  which  cuts  at  right 
angles  the  system  of  ellipsoids  represented  by  the  equation 

Ax'  + Bf  + Cz*  = T)\ 

where  D is  the  variable  parameter.  Lacroix,  Tom.  II.  p.  678. 

15.  Find  the  equation  of  a surface  which  belongs  at  once 
to  surfaces  of  revolution  defined  by  the  equation  py  — qx  = 0, 
and  to  conical  surfaces  defined  by  the  equation  px  + qy  = z. 

In  problems  like  the  above  we  must  regard  the  equations  as  simultaneous,  de- 
termine p and  q as  functions  of  x,  y,  z,  and  substitute  their  values  in  the  equation 
dz—pdx+qdy,  which  will  become  integrable  bj  a single  eqnation  if  the  problem 
is  a possible  one,  but  not  otherwise. 


, „ dz  dz  dz  xy 

16'  Xdi+*d-y+,di  = a*  + i- 

17.  Explain  the  distinction  between  a complete  primitive 
and  a general  primitive  of  a partial  differential  of  the  first 
order. 

18.  Find  the  complete  and  the  general  primitive  of 

z =px  + qy-pq- 


19.  Deduce  a singular  solution  of  the  above. 

20.  pq  = 1.  21.  q = xp  + p *. 


22.  Shew  from  the  form  of  its  integral  that  q=f(p) 
belongs  only  to  developable  surfaces. 


23.  Deduce  two  complete  primitives  of 

pq  =px  + qy. 

24.  Deduce  two  complete  primitives  of 

*Jp  +\fq  = 2x. 
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25.  Given  two  general  primitives  of  a partial  differential 
equation  of  the  first  order,  in  the  forms, 


1st.  z = F{x,  y,  a,  <f>(a)}, 


a dF{x,  y,  a, 

da  * 


2nd.  z = <i>  {x,  y,  c,  <f>(c)}, 


shew  that  the  dependence  of  the  functions  •»//■  (c)  and  <f>  (c), 
when  the  two  primitives  lead  to  the  same  particular  integral, 
may  be  determined  by  the  following  rule.  Eliminate  x and  y 
from  any  four  independent  equations  of  the  system 

dF_d&  dF_d<&  dF_ 

dx~  dx'  dy~  dy'  da~° ’ dc~°‘ 

The  two  resulting  equations  will  involve  the  relation  required, 
and  when  the  form  of  <f>  (a)  is  given,  the  elimination  of  a from 
both  will  give  a differential  equation  for  determining  the  form 
of  ifr(c). 

26.  The  equation  z=pq  has  two  general  primitives, 

1st.  «=  {y  + a)  {x  + <f>(a)},  0 = -^[{y+a}  {x  + (f>(a)}]. 


2nd.  4 z — {cx  + - + ylr{c)}i,  0 = -^  (car  + ^ + ^c)}*; 

C CLC  c 

shew  hence  that  the  relation  between  (j>(a ) and  i|r(c)  is  ex- 
pressed by  the  equations 

4>'(a)  + c*  = 0,  c\]r(c)  — cV'(c)  = 2a. 
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CHAPTER  XV. 

PABTIAL  DIFFERENTIAL  EQUATIONS  OF  THE  SECOND  ORDER. 

1.  The  general  form  of  a partial  differential  equation  of 
the  second  order  is 

F{x,y,  z,p,  q,r,s,t)  = 0 (1), 

. dz  dz  diz  d*z  d*z 

where  r~dj'  8~d^i  t = df' 

It  is  only  in  particular  cases  that  the  equation  admits  of  in- 
tegration, and  the  most  important  is  that  in  which  the  differ- 
ential coefficients  of  the  second  order  present  themselves  only 
in  the  first  degree ; the  equation  thus  assuming  the  form 

Itr  + Ss+  Tt=  V (2), 

in  which  It,  S,  T and  V are  functions  of  x,  y,  z,  p and  q. 
This  equation  we  propose  to  consider.  The  most  usual  method 
of  solution,  due  to  Monge,  consists  in  a certain  procedure  for 
discovering  either  one  or  two  first  integrals  of  the  form 

«=%/» (3), 

u and  v being  determinate  functions  of  x,  y,  z , p,  q,  and  f an 
arbitrary  functional  symbol.  From  these  first  integrals,  singly 
or  in  combination,  the  second  integral  involving  two  arbitrary 
functions  is  obtained  by  a subsequent  integration. 

An  important  remark  must  here  be  made.  Monge’s  method 
involves  the  assumption  that  the  equation  (2)  admits  of  a first 
integral  of  the  form  (3).  Now  this  is  not  always  the  case. 
There  exist  primitive  equations,  involving  two  arbitrary  func- 
tions, from  which  by  proceeding  to  a second  differentiation 
both  functions  may  be  eliminated  and  an  equation  of  the  form 
(2)  obtained,  but  from  which  it  is  impossible  to  eliminate 
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one  function  only  so  as  to  lead  to  an  intermediate  equation  of 
the  form  (3).  Especially  this  happens  if  the  primitive  involve 
an  arbitrary  function  and  its  derived  function  together.  Thus 
the  primitive 

z = <}>(y  + x)+^(y-x)-x{<f>'  {y  + x)  - yfr' (y-a?)}...(4), 


leads  to  the  partial  differential  equation  of  the  second  order 


r — 1 = 


B P 
x 


(5), 


but  not  through  an  intermediate  equation  of  the  form  (3). 

It  is  necessary  therefore  not  only  to  explain  Monge’s  method, 
but  also  to  give  some  account  of  methods  to  be  adopted  when 
it  fails. 


2.  It  is  not  only  not  true  that  the  equation  (2)  has  neces- 
sarily a first  integral  of  the  form  (3),  but  neither  is  the  converse 
proposition  true.  We  propose  therefore,  1st,  to  inquire  under 
what  conditions  an  equation  of  the  first  order  of  the  form  (3) 
does  lead  to  an  equation  of  the  second  order  of  the  form  (2) ; 
2ndly,  to  establish  upon  the  results  of  this  direct  inquiry  the 
inverse  method  of  solution.  And  this  procedure,  though  some- 
what longer  than  that  usually  followed,  is  more  simple,  because 
exact  ana  thorough. 

Prop.  1 . A partial  differential  equation  of  the  first  order 
of  the  form,  u —f  (v)  can  only  lead  to  a partial  differential 
equation  of  the  second  order  of  the  form 

Rr+Ss+Tt=  V. (6), 


when  u and  v are  so  related  as  to  satisfy  identically  the  con- 
dition 


du  dv  du  dv 
dp  dq  dq  dp 


(7). 


For,  differentiating  the  equation  u —f(v)  with  respect  to  x, 
and  observing  that  —p,  ^?  = r,  ^~  = 0,  we  have 
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du  , du  , du  du  . . /ou  , dv  dv  dv\ 

In  like  manner  differentiating  u —f{y)  with  respect  to  y, 
we  have 


du  , <7m  , du  t du  . . /rfv  (7t>  , rfy  , J (7tA 

s+Js+'<fo+,s=/  (,,H®+ss+*$+<s;- 


(7u  <7v  dv  , , dv\ 


dy 


dy 


Eliminating  /'  (v)  there  results 
ft7o  . du  . du  . (7(A  /(7» 


(7p  (7j/ 


(au  du  du  du\  (dv  dv  dv  , oiA 

/(7»  dv  dv  , (7tA  /(7m  , (7m  , (7m  , , (7m\  . ... 

-(s+^&+r$  + ,^)fe+«22-+*5+,^j”°-(8)- 

On  reduction  it  will  he  found  that  the  only  terms  involving 
r,  s,  and  t in  a degree  higher  than  the  first  will  be  those  which 
contain  rt  and  s'.  The  equation  will  in  fact  assume  the  form 

JRr  + Ss  + Tt  + U {rt  - s')  = V. (9), 

in  which  — The  forms  of  the  other  co- 

op dq  dq  dp 

efficients  it  is  unnecessary  to  examine. 

Now  this  equation  assumes  the  form  (6)  when  the  condition 
(7)  is  satisfied — and  then  only. 


3.  The  proposition  might  also  be  proved  in  the  following 
manner.  Since  u —f{v)  we  have  du  —f  (v)  dv,  an  equation 
which,  since  f(v)  is  arbitrary,  involves  the  two  equations 
du  = 0,  dv  = 0.  Hence 


(7m  7 du  , du  , , <7m  7 . du  7 
-T-  oaj  H — j-  dy  H — j-  dz  -| — =-  dp  H — y-  ao  = 0 
dx  dy  J dz  dp  x dq  1 


s*+$*+a*+$*+S*-#. 


D.  D.  E. 


. (10). 
23 
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But  dz  = pdx  + qdy,  dp  = rdx  + sdy , dq  = sdx  + tdy. 
Whence  on  substitution 


du  du 
dz  r dp 

dv  dv 
dz^r  dp 


du\  7 (du  du 

+vJ<&+U+«s+ 


du 

dq. 

dv 

dq. 


du 

\dy 

dv 

\dy 


du  du 
■s  — + t 


dp 


dv  dv\  7 (dv  dv  dv 

r+,T)te+i  +i-+. 


dp 


+ t 


= 0. 


Whence  eliminating  dx  and  dy,  we  have  the  same  result  as 
before. 


4.  A consequence,  which,  though  not  affecting  the  present 
inquiry,  is  important,  may  here  be  noted.  It  is  that  it  would 
be  in  vain  to  seek  a first  integral  of  the  form  u =f{v)  for  any 
partial  differential  equation  of  the  second  order  which  is  not 
of  the  form  (9). 


Prop.  2.  To  deduce  when  possible  a first  integral,  of  the 
form  u =f{v) , for  the  partial  differential  equation  (6). 

By  the  last  proposition  u and  v must  satisfy  the  condition 
(7),  which  is  expressible  in  the  form, 

du  du  _dv  dv  ..  . 

. ^dp~dq*"dp ^ 

Hence,  if  we  represent  each  member  of  this  equation  by  m, 
we  have 

du  du  dv  dv 

di  = mTt'  di  = mTP <12)' 


Substituting  these  values  in  (10),  we  have 


du  7 du  7 du  , du  , , 7 . 

diax+T/'J+dzdz  + di{ip+mai)=' 

dv  y do  y dv  y dv  , y y . 


(13); 


and  we  are  to  remember  that  this  system,  being  equivalent 
to  du  = 0,  dv  = 0 modified  by  the  condition  (7),  can  only  have 
an  integral  system  of  the  form, 

u = a,  v = b (14), 


Digitized  by  Google 


OF  TIIE  SECOND  ORDER.  355 

a and  b being  arbitrary  constants,  and  u and  v connected  by 
the  condition  (11). 


Making  dz  —pdx  + qdy  in  (13),  we  have 
(du  du\  y /du  du\  T du , 7 , . 

U+J,&)<fe+te+s*j<%'+5(<?0+”'%)=0 

(dv  dv\  , (dv  dv\  7 dv  , 7 T , 

U+^<5j&+te+!sj^  + ffi^+”,^  = 0 


...(15). 


From  these  and  from  the  equations 

dp=rdx  + sdy,  dq  = sdx  + tdy  (16), 

if  we  eliminate  the  differentials  dx,  dy,  dp,  dq,  we  shall 
necessarily  obtain  a result  of  the  form  (6).  For  in  thus 
doing  we  only  repeat  the  process  of  Art.  3,  with  the  added 
condition  (7). 

To  effect  this  elimination,  we  have  from  (16), 
dp  + mdq  — (r  + ms)  dx+  (s  + mt ) dy ; 
or,  rdx  + s (dy  + mdx)  + trndy  = dp  + mdq (17). 

Now  the  system  (15)  enables  us  to  determine  the  ratios  of 
dy  and  dp  + mdq  to  dx,  and  these  ratios  substituted  in  (17), 
reduce  it  to  the  form  (6). 

But  in  order  that  it  may  be,  not  only  of  the  form  (6),  but 
actually  equivalent  to  (6),  it  is  necessary  and  sufficient  that 
we  have 

dx  dy  + mdx  mdy  _ dp  + mdq 

li  S ~T~  V~  

This  system  of  relations  among  the  differentials  must  thus 
include  the  equations  (15).  The  same  system  (18),  together 
with  the  equation  dz  —pdx  + qdy,  must  therefore  include  the 
system  (13).  It  must  therefore  in  its  final  integral  system 
include  the  equations  ti=a,  v — b with  their  implied  con- 
dition. 

23—2 
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We  conclude  then,  that  if  the  equation  Er+Ss+  Tt=  V, 
result  from  an  equation  of  the  first  order  of  the  form  u=f(v ), 
the  system  (18),  together  with  the  equation, 

dz  =pdx  + qdy (19), 

must  admit  of  an  integral  system  determining  u and  v in 
equations  of  the  form  u = a,  v — b. 

To  eliminate  m from  (18)  we  have,  on  determining  its  value 
from  the  first  and  third  members,  substituting  it  in  the 


second  and  fourth,  and  reducing, 

Rdy * — Sdxdy  + Tda ? — 0 (20), 

Rdpdy  + Tdqdx  — Vdxdy  = 0 (21), 


and  these,  with  (19),  make  three  ordinary  differential  equations 
among  the  five  variables  x,  y,  z,  p,  q.  But  among  five  vari- 
ables there  ought  to  exist  four  ordinary  differential  equations 
in  order  to  render  the  final  relations  determinate.  And  this 
confirms  what  was  said  in  Art.  1,  of  the  hypothetical 
character  of  Monge’s  method.  It  is  only  when  the  proposed 
equation  originates  in  an  equation  of  the  form  m=/(u),  that 
the  above  system  admits  of  two  integrals  of  the  form, 

u=a,  v = b. 

As  (20)  is  of  the  second  degree  it  will,  unless  it  is  a com- 
plete square,  be  resolvable  into  two  equations  of  the  first 
degree,  and  either  of  these  in  conjunction  with  (21)  and  (19) 
may  lead  to  a final  integral  system  determining  u and  v.  It 
follows  that  when  the  given  equation  admits  of  a first  integral 
at  all,  it  will  admit  of  two  such — excepting  the  case  in  which 
(20)  is  a complete  square. 

5.  As  yet  no  account  has  been  taken  of  the  quantity  m. 
The  mode  in  which  it  is  involved  in  the  equation  (18),  leads 
however  to  a remarkable  consequence  developed  in  the  follow- 
ing Proposition. 

Prop.  If  by  the  last  proposition  we  obtain  two  first  in- 
tegrals of  the  form 

«i  =/(®i)»  = (22), 
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and  if,  regarding  these  as  simultaneous,  we  determine  p and 
as  functions  of  x,  y,  z,  those  values  will  be  such  as  to  render 
the  equation  dz  — pdx  + qdy  integrable,  and  thus  to  lead  to 
the  second  or  final  integral. 

For  simplicity,  we  shall  represent  «,  —/(«,)  by  F,  and 
ua  — <f>  (uj  by  Thus  the  supposed  first  integrals  are  simply 

F=  0,  3>  = 0 (23). 

Now  reverting  to  the  system  (18),  and  representing  the  ratio 
dy  : dx  by  n,  its  first  two  equations  assume  the  form, 

1 n + m _ nm 

R~~S  ~T  ’ 

and  shew  that  m and  n are  the  two  roots  of  the  equation 

RfS-  Sfi+T=0. 

Hence,  the  value  of  the  ratio  dy  : dx  corresponding  to  one 
of  the  first  integrals  (23),  is  the  same  as  the  value  of  m cor- 
responding to  the  other. 

Now  for  the  value  of  m corresponding  to  the  integral  F=  0, 
we  have  by  definition, 


dux  dx\ 
da  da 


dF 

=# <24>- 

dp 

Again,  seeking  the  value  of  the  ratio  dy  : dx , correspond- 
ing to  the  integral  <1»  = 0,  we  have 
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fd$?  <M> 
\dx  dz  • 


(d<$>  d$>  d<$>  d<f>  \ , 

(^+,^  + ^s+^v^=0* 


Equating  the  value  of  dy  : dx  hence  found  to  that  of  m 
given  in  (24),  we  have,  on  reduction, 

dFd&  dFd&  +^I^- 

dp  dx  dy  dy  dp  dz  ^ dy  dz  ^ 


dF  d<S> 


dp  dp 


dF  d<b  r + /dF  d<&  + dF  d®\ 
dp  dp  \dp  dy  dy  dp) 


dF  d$>  n , 

8 + dy  dy  *-°-(25)- 


In  like  manner  equating  the  values  of  m corresponding  to 
the  integral  F=  0,  and  of  dy  : dx  corresponding  to  the  in- 
tegral <£>  = 0,  we  have 

dF  d$  -dF  dft_  dFd®  dF  d$> 

dx  dp  dy  dy  dz  dp  ^ dz  dy  ^ 


dFd®  (dF  d<t>  dFd<t> \ dF  d<&  n , . 

+ dp  dpT  + \dy  dp+dp  dy)S+ dy  dy  1 ~° 

Subtracting  (25)  from  (26),  there  results 

dF  d<t>  dF  d<S>  dF  d®_dF  d® 
dx  dp  dp  dx  dy  dy  dy  dy 


(dF  d<&  dF  cMn  (dF  d<\>  dF  d<&\ 

\dz  dp  dp  ~dz)^>Jr\dz  dy  dy  dz •••  (-  ) 


dF  d<P  dF  d<&\ 


Now  this  is  identical  with  the  equation  (37),  Chap.  xiv. 
Art.  13,  expressing  the  very  condition  which  must  be  fulfilled 
in  order  that  the  values  of  p and  y given  by  F=  0,  <1>  = 0, 
may  render  the  equation  dz  = pdx  + ydy  an  exact  differential. 
Hence  the  proposition  is  established. 

It  is  interesting  to  observe  that  the  two  first  integrals  stand 
in  a certain  conjugate  relation.  Each  of  them  satisfies  that 
partial  differential  equation  of  the  first  order  and  degree  which 
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we  should  have  to  construct  in  attempting,  by  the  process  of 
Charpit,  to  integrate  the  other.  Hence  also,  although  the 
knowledge  of  both  is  desirable,  that  of  either  is  sufficient  to 
enable  us  to  proceed  by  integration  to  the  final  solution. 

6.  The  statement  of  Monge’s  method,  as  derived  from  the 
above  investigation,  is  contained  in  the  following  Rule. 

Rule.  The  equation  being  Rr  + Ss  + Tt  = V,  form  first, 


the  equation 

Rdy*  — Sdxdy  + Tda?  = 0 (28), 

and  resolve  it,  supposing  the  first  member  not  a complete 
square,  into  two  equations  of  the  form 

dy  — mptx  = 0,  dy  — mpLx  = 0 (29). 

From  the  first  of  these,  and  from  the  equation 

Rdpdy  + Tdqdx  — Vdxdy  = 0 (30), 


combined  if  needful  with  the  equation  dz  = pdx  + qdy,  seek 
to  obtain  two  integrals  u1  = a,  v,  = b.  Proceeding  in  the  same 
way  with  the  second  equation  of  (29),  seek  two  other  integrals 

= a,  vs  = 0, 

then  the  two  first  integrals  of  the  proposed  equation  will  be 

«1  =/(«  l)f  U2  =fivi) (31)* 

To  deduce  the  second  integral,  we  must  either  integrate 
one  of  these,  or,  determining  from  the  two  p and  q in  terms 
of  x,  y,  and  z,  substitute  those  values  in  the  equation 

dz  — pdx  + qdy , 

which  will  then  satisfy  the  condition  of  integrability.  Its 
solution  will  give  the  second  integral  sought. 

If  the  values  of  m1  and  mi  are  equal,  only  one  first  integral 
will  be  obtained,  and  the  final  solution  must  be  sought  by 
its  integration. 

When  it  is  not  possible  so  to  combine  the  auxiliary  equa- 
tions as  to  obtain  two  auxiliary  integrals  u = a,  v = b,  no  first 
integral  of  the  proposed  equation  exists,  and  some  other  process 
of  solution  must  be  sought. 


Digitized  by  Google 


360 


PARTIAL  DIFFERENTIAL  EQUATIONS 


We  may  observe  that  the  determination  of  p and  q from  the 
two  first  integrals  is  facilitated  by  the  fact  that  u and  v satisfy 
the  condition  (7).  Interpreted  by  Chap.  IV.  Art.  3,  that  con- 
dition implies  thatp  and  q enter,  in  some  single  definite  com- 
bination, into  both  u and  v. 

iiX.  1.  Oiven  ^ — a ^=0. 

Here  J2=  1,  S—  0,  T=  — at,  F=0.  Hence  we  have  by 
(28)  and  (30), 

dy*  — a%dd  = 0,  dpdy  — a?  dqdx  — 0 (a). 

The  former  of  these  is  resolvable  into  the  two  equations 
dy  + adx=  0,  dy  — adx  — 0 (J), 


of  which  the  first  gives  y + ax  — c,  and  at  the  same  time 
reduces  the  second  equation  of  (a)  to  the  form  dp  + adq  = 0,  of 
which  the  integral  is  p 4-  aq  = G.  Thus  a first  integral  of  the 
given  equation  is 

p + aq  = <f>  ( y + ax ) (c). 

Proceeding  in  like  manner  with  the  second  equation  of  (b), 
we  find  as  another  first  integral 

p-aq  = f(y-ax) (d). 

From  these  two  equations  determining  p and  q,  the  equation 
dz  =pdx  + qdy  becomes 

=^dy. 

Or 

j 4>{y  + ax)  (dy  + adx)  — yfr  (y  — ax)  (dy  — adx) 
dz 1 — 1 . 


d.^(f>(l/  + ax)+f(y-ax)dx  [ <f>(y  + ax)-^(y 

2 2d 


Hence  if  ^J<f>  (t)  dt  = </>,  (t)  and  (0  dt  = (t) , 


we  have 

* = & (y + «*)  + (y  - ax)- 

Here  <£, , i/r  are  arbitrary  functions  since  <f>  and  yjr  are  such. 


Digitized  by  Google 


OP  THE  SECOND  ORDER.  361 


It  is  seen  that,  in  each  of  the  first  integrals,  the  condition  (7) 
is  satisfied,  and  assuming 

p + aq  - £ (y  + ax)  = F,  p - aq  - (y  — ax)  = <£, 

it  is  easy  to  verify  the  condition  (27). 


Ex.  2.  Given  r + as  + bt—  0. 

Proceeding  as  before,  we  find 

p + nq  = <f>(y  — mx),  p + mq  = -^r  {y—  nx), 

as  the  two  first  integrals  of  the  proposed,  m and  n being  the 
roots  of  the  equation  t*  — at  + b — 0.  Hence,  determining  p 
and  q,  substituting  in  the  equation  dz  =pdx  + qdy,  integrating 
and  reducing  we  have 

z = (t>l  (y-mx)+yjrl(y-nx). 


But  when  m and  n are  equal  we  have  only  one  first  in- 
tegral, viz. 

p + mq  — <f>(y  — mx). 


Treating  this  by  Lagrange’s  process,  we  have  the  auxiliary 
system 

_dy  _ dz 


dx  ■ 


m <f>  (y  — mx)  * 


From  the  first  two  members  we  find  y — mx  — c.  This 
enables  us  to  reduce  the  equation  of  the  first  and  third  to  the 
form 


dx  — 


dz 

W)’ 


whence 


z = x(f>  (c)  + c'. 


Therefore,  restoring  to  c its  value, 

z — X(j)(y  — mx)  = c'. 


Thus  we  have  for  the  final  integral 

z — x<f>  (y  — mx)  ='!'■  (y  — mx). 
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Ex.  3.  Given 

(b  + cq)3  r — 2 (5  + cq)  (a  + cp)  8 + (a  + cp )s  t = 0. 

Here  the  auxiliary  equations  are 
(b  + cq)*dy * + 2 (b  + cq)  (a  + cp)  dydx  + (a  + cp)*da?=  0. . . (a) . 


(b  + cq)3  dpdy  + (a  + cp)sdqdx  = 0 ( b ). 

The  first  of  these  equations  gives 

(b  +cq)  dy  + (a  + cp)dx  = 0 ( c ), 


which  the  equation  dz  —pdx  + qdy  reduces  to  the  form 
adx  + bdy  + cdz  = 0 ; 

whence 

ax  + by  + cz  = a (d). 


Again,  eliminating  dy  and  dx  from  (b)  and  (c),  we  have 
(b  + cq)  dp  — (a  + cp)  dq  = 0, 
whence,  integrating 

= B (e) 

b + cq  P [)‘ 

Thus  a first  integral  of  the  proposed  equation  is 

a + cp  , , , . 

f^rcq^<f>(ax+by  + cz)’ 
or 

cp  — c(f>  (ax  + by  + cz)  q — b<j>  (ax  + by  + cz)  — a; 
and  this  must  be  integrated  by  Lagrange’s  process. 

The  auxiliary  system  is,  on  representing  <p  (ax+by+cz)  by  <j>, 

dx  _ dy  _ dz 

c c<p  b(f>  — a' 

From  these  we  find  adx  + bdy  + cdz  = 0,  whence 
ax  + by  + cz  — G, 

and  thus  (f>  (ax  + by  + cz)  = (f>C. 
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Hence  substituting  dy=—<f>(C)  dx, 
whence  y + (p  ( C)  x = C', 

or  y + x(j>  (ax  + by  + cz ) = C'. 


Thus  the  final  integral  is 

y + xcf>  (ax  + by  + cz)  = ty(ax+by  + cz). 

This  solution  may  also  be  expressed  in  the  form 

z = x(f>l  (ax  + by  + cz)  + y^  (ax  + by  + cz), 

in  which  it  is  in  fact  presented  by  Monge,  (Application  de 
V Analyse  h la  Geometric,  Liouville’s  edition,  p.  79).  The 
equation  solved  is  that  of  surfaces  formed  by  the  motion  of  a 
straight  line  which  is  always  parallel  to  a given  plane,  and 
always  passes  through  two  given  curves. 

7.  In  the  above  examples  V is  equal  to  0,  and  this  always 
facilitates  the  application  of  Monge’s  method.  The  following 
is  an  example  in  which  V is  not  equal  to  0. 


Ex.  4. 


Given  r — 


4 p 

x + y' 


The  auxiliary  equation  being 

dy*  — da j*  = 0,  dpdy  — dqdx  + dxdy  — 0, 

one  of  the  systems  hence  derived  is 

dy  — dx  = 0,  dp  — dq  + dx  = 0. 

There  is  also  another  system,  but  it  is  not  integrable  in  the 
form  u = a,  v = b. 


From  the  first  of  the  above  equations  we  get 

y — x = a,  dp-dq  + ^-c  = Q, 

the  latter  of  which  may,  since  dz  —pdx  + qdx,  be  reduced  to 
the  form 

d (2y  — a)  (p  — q)  + 2 dz  — 0, 
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whence  (2 y — a)  (p  — q)  + 2z  = b, 

or,  replacing  a by  y — x, 

• (x  +y)  (p  - q)  + 2«  = b. 

Hence  a first  integral  of  the  proposed  equation  will  be 

(x+y)  {p-q)+2z  =/(y  - x). 

Now  this  being  linear,  we  have,  by  Lagrange’s  method,  the 
auxiliary  system 

dx  _—dy_  dz 
x+y~ x + y~ f{y-x)  - 2z" 

The  equation  of  the  first  two  members  gives  y + x — a,  and 
this  reduces  the  equation  of  the  second  and  third  to  the  form 

— dy dz 

c _/(2y-a)-2a’ 

nr  <Zg  2 g /(2y-a) 

dy  a o’ 

— €° 

whence  z = Je  “f  (2 y — a)  dy  + b. 

CL 

The  final  integral  will  therefore  be  found  by  substituting  in 
the  above,  after  integration,  y + x for  a,  an d/(y  + x)  for  b. 

8.  Monge’s  method  fails  in  so  many  cases,  owing  to  the 
non-existence  of  a first  integral  of  the  assumed  form  u =f(v), 
that  it  becomes  important  to  inquire  how  its  defects  may  be 
supplied.  And  various  methods,  all  of  limited  generality, 
have  been  discovered.  Thus  Laplace  has  developed  a method 
applicable  to  all  equations  of  the  form 

Br  + Ss  + Tt+Pp+  Qq+  Uz  — V; 

li,  8,  T,  P,  Q,  U,  and  V being  functions  of  x and  y only, — 
which  consists  in  a series  of  transformations,  each  of  which 
has  the  effect  of  reducing  the  equation  to  the  form 

S+Pp  + Qq  + Rr  = V, \ 
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P,  Q,  R and  V being  functions  of  x and  y,  to  which  each 
transformation  gives  new  forms.  It  may  be  that  among 
these  successive  forms,  some  one  will  be  found  which  will 
admit  of  resolution  into  two  linear  equations  of  the  first 
order.  But  there  are  probably  no  instances  in  which  this  me- 
thod has  been  applied  in  which  the  solution  may  not  be 
effected  with  far  greater  elegance,  and  with  far  greater  sim- 
plicity, by  the  symbolical  methods  of  the  following  chapters. 
And  even  Laplace’s  method  is  better  exhibited  in  a symbolical 
form.  The  subject  will  be  resumed. 

The  following  sections  contain  miscellaneous  but  important 
additions. 


Miscellaneous  Theorems. 

9.  Poisson  has  shewn  how  to  deduce  a particular  integral 
of  any  partial  differential  equation  of  the  form 

P=  [rt  — s*)"  Q (45), 

where  P is  a function  of  p,  q,  r,  s,  t,  homogeneous  with  respect 
to  the  three  last,  n a positive  index,  and  Q any  function  of 
x , y,  z,  and  the  differential  coefficients  of  z of  any  order  which 
does  not  become  infinite  when  rt  — s‘  — 0. 

Assuming  q = <f>(p),  we  have 

8=<p'(p)r,  t = <f>'(p)s=z{<f>'(p)}'r (46), 

values  which  make  rt  — «*=  0.  Hence,  substituting  in  (45),  the 
second  member  vanishes,  while  in  the  first,  which  is  homoge- 
neous with  respect  to  r,  s,  t,  some  power  of  r only  will  remain 
as  a common  factor.  Dividing  by  that  factor,  we  shall  have 
an  equation  involving  only  p,  <f>(p),  and  <p'{p),  i.e.  p,  q,  and 

Integrating  this  as  an  ordinary  differential  equation  we 

(XT) 

obtain  a relation  between  p,  q and  an  arbitrary  constant ; and 
this,  integrated  as  a partial  differential  equation  of  the  first 
order,  gives  the  solution  in  question. 

Ex.  Given  r1  — ? — rt  — s*. 
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Proceeding  as  above,  we  find 


whence 


q = ±p  + c) 


z-cy  = <f)(y  ±x), 

a particular  integral. 

The  above  method  is  applicable  to  all  equations  of  the 
second  order  which  are  simply  homogeneous  with  respect  to 
r,  s,  t,  for  then  we  have  only  to  suppose  Q — 0. 


10.  There  exists  in  partial  differential  equations  a remark- 
able duality,  in  virtue  of  which  each  equation  stands  con- 
nected with  some  other  equation  of  the  same  order  by  relations 
of  a perfectly  reciprocal  character.  As  respects  equations  of 
the  first  order  the  principle  may  be  thus  stated. 


Suppose  that  in  the  given  equation 

<f>  (*,  V,  z,  P,  ?)  = 0 


(47) 


tee  interchange  x and p,  y and  q,  and  change  z into  px  + qy—  z, 
giving 

<j>  (p,  q,px+qy-z,  x,  y)  = 0 (48); 

then , if  either  of  these  equations  can  he  integrated  in  the  form 
z = yfr  (x,  y),  the  solution  of  the  other  will  he  found  hy  eliminat- 
ing X , Y,  and  Z between  the  equations 


d+(X,Y) 

dx 


djr(X,  Y) 
dy  ’ 


z = Xx  + Yy—  Z ...(id). 


For,  since  dz  — pdx  + qdy,  we  have 

z = px  + qy  — j(xdp  + ydq)  (50). 

Hence  xdp+ydq  is  an  exact  differential.  Represent  it  by 
dZ,  and  assume  z for  dependent  variable.  Assume  also  two 
new  independent  variables  X and  Y,  connected  with  the  former 
ones  by  the  relations  X =p,  Y—q.  Then 

dZ  = xdp  + ydq  — xdX + yd  Y. 


Digitized  by  Google 


MISCELLANEOUS  THEOREMS. 


367 


Hence 


dZ  dZ 

dX~x ’ dY~y' 


Z = j{xdp  + ydq)  = px  + qy — z by  (50) ; 

z=px  + qy-Z=xX+yY-Z. 

On  examining  the  above  equations  we  sec  that  x,  y,  z,  and 
X,  Y,  Z are  reciprocally  related.  Writing,  side  by  side,  the 
equations  which  are  conjugate  to  each  other,  we  have 

-.r  dz  dZ 

X=H’  x = Jut’ 

•it  dz  dZ 

3 =dy’ 

Z—Xx+Yy—z,  z = xX+yY—Z. 

We  see  too  that  the  equations  (49)  which  express  one  set 
of  the  relations  suffice  to  convert  any  relation  found  by  inte- 
gration between  X,  Y,  Z into  a corresponding  relation  between 
x,  y , z. 

The  meaning  of  x,  y,  z in  (48)  in  the  statement  of  the 
theorem  is  the  same  as  that  of  X,  Y,  Z in  its  demonstration, 
the  actual  change  .of  expression  being  only  made  after  the 
integration  in  order  to  shew  more  distinctly  the  interchange- 
able character  of  x and  p>,  y and  q,  z and  px  + qy  — z. 


Ex.  Given  z —pq. 

Here  the  transformed  equation  is 

px  + qy -z  = xy, 

of  which  the  integral  is  z = xy  + xf 


Hence 


+ (•* r,r)-xr+x/(J). 
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and  we  have  to  eliminate  X,  Y,  between  the  equations 


-r-xfGrM !)•  »_Xf^(D' 

Z=  XY. 


Each  particular  form  assigned  to  f gives  a distinct  par- 

/Y\  Y 

ticular  integral.  If  we  assume fyYj  =ajr+i,  we  find 


x = Y+b,  y = X+a,  Z=XY, 

from  which,  eliminating  X and  Y,  we  have  z = (x—b)  (y  — a), 
and  this  is  one  form  of  the  complete  primitive  assigned  in 
Chap.  xiv.  Art.  7.  We  may  observe  that  the  elimination 
may  be  so  effected  as  to  lead  to  general  primitives. 


11.  In  equations  of  the  second  order  we  should  have , in 
addition  to  the  above  transformations,  to  change 

ft  ~~~  S V 

r into s into  — 5 , t into  — . ...  (51), 

rt  — 8 rt  — s rt  — s 

in  order  to  form  the  reciprocal  equation.  Then  the  second  in- 
tegral of  either  being  found  in  the  form  z = (x,  y),  that  of 

the  other  will  be  found  as  before  by  eliminating  X and  Y from 
(49).  For  since 

dZ  dZ 

X~dX ’ y~dY 5 


.*.  dx  = RdX  +SdY,  dy  = SdX+  TdY, 


whence 


dX= 


Tdx  — Sdy 
RT-S * * 


dY= 


— Sdx  + Rdy 
RT—  8*  * 


But  X=p, 


Y=  q,  therefore 


dp  = rdx  +sdy  = 


Tdx  — Sdy 
RT-  S " 


7 


dq  = sdx+  tdy  — > 
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whence,  equating  coefficients, 

T - S R 

r RT-S"  a~ RT-S " 1 ~ RT—  S*’ 

The  extension  of  the  theorem  to  higher  orders  involves  no 
difficulty. 

12.  Jt  is  an  immediate  consequence  of  the  above,  that  any 
equation  of  the  form 

<t>  (p,  ?)  *•  + ir  (P>  8 + X (i>>  ?) 1 “ 0 (52) 

can  be  reduced  to  an  equation  of  the  form 

x (*»  y) r - 'b  ( x>  y) 8 + £ (*.  y)  * = 0 (53), 

usually  more  convenient  for  solution.  Legendre’s  solution  of 
the  equation 

(1  + q*)r-  2 pqs  + (1  +jp*)  t = 0, 

by  the  aid  of  the  above  transformation,  will  be  found  in 
Lacroix  (Tom.  II.  p.  623). 

The  same  transformation  makes  the  solution  of  any  equa- 
tion of  the  form  Rr  + Ss+  Tt=  V ( rt  — a*)  dependent  on  that 
of  an  equation  of  the  form 

Rr  + Ss+Tt=V, 

but  with  different  coefficients.  The  subject  of  these  transfor- 
mations has  been  most  fully  treated  by  Prof,  de  Morgan 
( Cambridge  Philosophical  Transactions , Yol.  VIII.  p.  606). 


13.  Legendre  also  shews  how,  by  a transformation  for- 
mally resembling  the  above,  to  integrate  the  equation 

r=f(s,  t ). 

Assuming  s and  t as  independent  variables,  and  v — sx  + ty  —q 
as  dependent  variable,  the  equation  is  reduced  to  the  form 


B.  D.  E. 


dsdt  ds * 


= 0 


•(54), 

24 
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where  S and  T are  the  values  of  ^ and  ^ furnished  by  the 
given  equation.  Lacroix , Tom.  II.  p.  631. 


EXERCISES. 


1 . To  what  condition  must  u and  v be  subject,  in  order 
that  u=f(v)  may  be  a first  integral  of  an  equation  of  the 
form  Iir.+  8$  + Tt  = V? 

Integrate  by  Monge’s  method  the  following  equations : 

2.  a?r  + 2 xys  + y*t  = 0. 

3.  <fr  — 2pqs  + p't  = 0. 

4.  Integrate  ps  — qr  = 0. 

5.  Integrate  by  Monge’s  method  the  equation 

q(l  + q)r-(p  + q+2pq)s+p(\+p)  t-0. 

G.  The  solution  of  Ex.  3 may,  by  the  law  of  reciprocity,  be 
made  to  depend  on  that  of  Ex.  2. 

7.  Monge’s  method  would  not  enable  us  to  solve  the  equa- 
tion r—t  = ~. 

x 


8.  Deduce  by  Poisson’s  method  a particular  integral  of 

(1+2*)  r~  2p2*  + (1  +pl  < = 0. 


9.  Shew  that  the  equations 

rt  -s*=f(p,  q),  and  r<-s8=  {f(x,  y)}"1, 
are  connected  by  the  law  of  reciprocity. 


10.  The  solution  of  the  equation  r — t 

be  derived  from  that  of  the  equation  r—t 
Ex.  4. 


4a; 


p + q 

4 p 

x + y 


(rt  — s *)  may 
= 0.  Art.  6. 
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SYMBOLICAL  METHODS. 


1.  The  term  symbolical  is,  by  a restriction  of  its  wider 
meaning,  applied  more  peculiarly  to  those  methods  in  Ana- 
lysis in  which  operations,  separated  by  a mental  abstraction 
from  the  subjects  upon  which  they  are  performed,  are  ex- 
pressed by  symbols  in  whose  laws  the  laws  of  the  operations 
themselves  are  represented. 


Thus  ^ is  written  symbolically  in  the  form  ~ w,  the  sym- 


bol denoting  an  operation  of  which  u is  the  subject.  In 

thus  expressing  an  operation  by  a symbol,  in  studying  the 
laws  of  that  symbol,  and  in  founding  processes  and  methods 
upon  those  laws,  we  introduce  no  strange  or  novel  principle 
of  Language ; for  it  is  the  very  office  of  Language  to  express 
by  symbols  the  procedure  of  Thought. 

Thus  also  we  may  write 


du 

dx 


+ au  = 


u 


(1). 


d2u 

dad 


du  . , 

+ a -s-  + ou  — 
dx 


( 


d * d 

da?  + adx  + 


(2), 


and  so  on.  It  will  be  observed  that  the  symbol  precedes  the 
subject  on  which  it  operates. 


Operations  may  be  performed  in  succession. 


Thus 


denotes  that  we  first  perform  oh  the  subject  u the  operation 

24—2 
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denoted  by  ^ + b,  and  then  on  the  result  effect  the  operation 
denoted  hy  a.  Thus  a and  b being  constant,  we  have 

(as + “)  (as  ■+ s)  “ = (s + a)  (as + *-) 

: =4-  {4  + bu\  + a + &u)  r 

d*u  . ...  du  . 

“^+(a+J)  di+ahu (3)* 


When  an  operation  is  repeated,  the  number  of  times  which 
it  is  understood  to  be  performed  is  expressed  by  an  index 
attached  to  the  symbol  of  operation.  Thus 


(s+0)“  = (e+0)(e+0)“ 


d*u  . _ du  , 

= dtf  + 2afa+aU' 


,(4). 


If  in  the  second  member  of  (3),  as  in  the  first,  we  separate 
the  symbols  from  their  subject,  we  have 

. (as + °)  (e  + J)  {s? + (“+i)  as  + 

Now  the  symbolic  expressions  for  the  equivalent  operations 
performed  upon  u in  the  two  members  of  this  equation  are  in 
formal  analogy  with  the  algebraic  equation 

(m  + a)  (m  + b)  « = (to*  4-  (a  + b)  m + aZ>}  u, 

and  this  is  a particular  illustration  of  a general  theorem  to  the 
statement  ana  demonstration  of  which  we  shall  now  proceed. 

2.  If  we  compare  the  symbolical  expressions 

• (s  + a)  [L  + h)  ’ M + (a + h)  35 + ^ -••• (6)> 
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whose  equivalence  is  stated  in  (5),  we  see  that  each  involves 
~ together  with  constant  quantities.  Each  might  therefore, 
to  borrow  the  language  of  analogy,  be  described  as  a function 
of  ^ and  constant  quantities,  or  more  briefly  as  a function 

of  ^ , and  expressed  in  the  form  • Again,  each  ex- 

presses a system  of  operations  in  the  performance  of  which 
the  presence  of  the  symbol  only  indicates  differentiation , 
not  integration.  We  may  with  propriety  term  any  function 
of  ^ possessing  this  character  a direct  function  of  . The 
theorem  in  question  is  then  the  following. 

Theorem.  Any  direct  function  of  ~ and  constant  quan- 
tities may  be  transformed  as  if  ~ were  itself  a quantity. 


In  the  first  place  it  is  evident  that  any  direct  function  of 
the  symbol  according  to  the  above  definition  is,  in  form, 

what  we  should  term  a rational  and  integral  function  of  ^ , 

were  that  symbol  merely  algebraic. 

Now  the  laws,  according  to  which  algebraic  symbols  com- 
bine with  each  other  in  the  composition  of  all  rational  and 
integral  expressions,  are  the  following,  viz.  1 st,  the  distributive, 


expressed  by  the  equation 

m (u  + v)  = mu  + mv (7), 

2ndly,  the  commutative,  expressed  by  the  equation 

ma  — am (8), 

3rdly,  the  index  law,  expressed  by  the  equation 

' . m.™ ..... (9). 
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These  determine,  and  alone  determine,  the  forms,  or,  to  speak 
more  precisely,  the  permitted  variety  of  forms,  of  algebraic 
expressions  of  the  above  class. 

But  the  symbol  ^ , when  employed  in  combination  with 

constant  quantities  to  operate  on  subjects  which  are  not  con- 
stant, is  subject  to  laws  formally  agreeing  with  the  above. 
For  we  have 

s(«+t>)=3 (10), 

a a 

(“)• 


(12). 


the  last  of  these,  however,  expressing,  not  any  distinctive  pro- 
perty of  the  operation  but  only  the  fact  that  it  i3  an 


operation  capable  of  repetition.  These  laws,  in  like  manner, 
determine  the  possible  forms  of  symbolic  expressions  involv- 


ing  with  constants,  and  representing  direct  systems  of 


operations. 


Hence  the  variety  of  form  permitted  in  the  one  case  is  the 
same  as  that  permitted  in  the  other.  In  other  words,  the 
same  transformations  are  valid. 


Among  the  consequences  of  the  above  theorem  the  following 
may  be  noted. 

1st,  We  can  reduce  any  symbolical  expression  of  the  form 

dn  jn-l  J J * 

fa?  + a‘ diT1  + daT*  ' • • + an ’ m wlllch  ai>  are  con- 

stants, to  an  equivalent  expression  of  the  form 
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where  mt,  m8,  ...  mn  are  the  roots  of  the  equations 
mn  + ajr?'1  + cyn"-* ...  + a„  = 0. 

2ndly,  The  order,  in  which  the  component  operations 

d d d 

fa-™*'”'  di~m' 

are  written,  is  indifferent. 


(Pu 

Ex.  Thus  — a'u  = 0 may  he  reduced  to  either  of  the 

forms 

(s+'‘)(a"“)“=0,  (s-°)(s+“)“=0- 


3rdly,  The  complex  operation 


dn 


<Tl 


dn~* 


^+a,^+a.^...+a, 

is  itself,  like  the  elementary  operation  , distributive ; i.  e. 
representing  that  complex  operation  > wc  have 


f{te)(u+v^f[te)u+A^)v (13)- 

This  conclusion  may  be  verified,  by  substituting  for 

the  expression  for  which  it  stands,  and  performing  the  opera- 
tions. 

Inverse  Forms. 


3.  All  that  is  said  above  relates  to  the  performance  of 
operations,  definite  in  character,  upon  subjects  supposed  to  be 
given.  But  an  inverse  problem  is  suggested,  in  which  it  is 
required  to  determine,  not  what  will  be  the  result  of  perform- 
ing a certain  operation  upon  a given  subject,  but  upon  what 
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subject  a certain  operation  must  be  performed  in  order  to  lead 
to  a given  result.  Thus,  in  the  equation 


u = v 


(14), 


if  u be  given,  the  performance  of  the  operation  g~  + a deter- 
mines v ; but  if  v be  given,  then  the  inquiry  arises,  what  is 
that  unknown  subject  «,  the  performance  of  the  operation 

+ a upon  which  will  lead  to  the  result  v ? 

As  any  procedure  for  determining  u from  v is  inverse  to  the 
procedure  by  which  v is  determined  from  u,  analogy  suggests 
the  notation 


Qa:  **" a)  rePre3ent*ng  the  inverse  procedure  in  question, 

but  representing  that  procedure  only  in  its  inverse  character, 
i.  e.  conveying  no  information  as  to  how  it  is  to  be  performed, 
but  only  telling  us  that  it  must  be  such,  that  if,  having  per- 
formed it  on  v,  we  perform  on  the  result  the  operation  ^ + a 


to  which  it  is  inverse,  we  shall  reproduce  v.  For,  substituting 
in  (14)  the  expression  for  u given  in  (15),  we  have 


(s+“)(s+°) 

The  inverse  procedure  is  thus  presented  as  one,  the  effect  of 
which  the  direct  operation  simply  annuls.  This  is  its  definition. 


Thus  in  Arithmetic,  division  i3  inverse  to  multiplication. 
What  is  meant  by  dividing  a by  b is  the  seeking  of  a third 
number  c,  which  when  multiplied  by  b will  produce  a.  And 
the  very  procedure  by  which  this  is  effected  consists  not  in 
any  new  and  distinct  operation  for  determining  the  subject  c, 
but  in  a series  of  guesses,  suggested  by  our  prior  general 
knowledge  of  the  results  of  multiplication,  and  tested  by  mul- 
tiplication. 
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. ' And  generally,  if  7 r represent  any  operation  or  series  of 
operations  possible  when  their  subject  is  given,  and  then 
termed  direct,  and  if,  in  the  equation  ttu  — v,  the  subject  u be 
not  given  but  only  the  result  v,  then  we  may  write 

u = ir~'v. 

And  the  problem  or  inquiry  contained  in  the  inverse  notation 
of  the  second  member  will  be  answered,  when  we  have,  by 
whatsoever  process,  so  determined  the  function  u as  to  satisfy 
the  equation  tru  = v or  im~lv  — v.  By  the  latter  equation  the 
inverse  symbol  ir~1  is  defined.  Thus  it  is  the  office  of  the 
inverse  symbol  to  propose  a question,  not  to  describe  an 
operation.  It  is,  in  its  primary  meaning,  interrogative,  not 
directive. 

Suppose  the  given  equation  to  be 


Then  on  the  above  principle  of  notation  we  should  have 


or,  with  not  less  propriety  of  expression, 


1 


the  last  two  equations  differing  in  interpretation  from  (16),  not 
at  all  as  touching  the  relation  between  u and  v,  but  only  as 
mote  distinctly  presenting  u as  the  object  of  search. 

Of  what  avail  then,  it  may  be  asked,  is  that  analogy  upon 
which  the  expression  of  the  last  two  equations  is  founded  ? 

If  a convention,  it  is  at  least  a very  natural  one,  that  we 
should  express  an  operation  performed  upon  a subject,  by 
attaching,  in  some  way,  the  symbol  denoting  the  operation  to 
the  symbol  denoting  the  subject.  The  order  of  writing,  in 
that  family  of  languages  to  which  our  own  belongs,  has 
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doubtless  determined  the  mode  of  connexion  actually  adopted, 
and  which  is  the  same  as  if  the  symbol  of  operation  were  a 
symbol  of  quantity  employed  as  a coefficient  or  multiplier. 
It  comes  to  pass,  moreover,  that  the  formal  laws  of  combina- 
tion in  the  direct  cases  investigated  in  Art.  2 prove  to  be  the 

same  for  the  symbol  ^ as  for  a coefficient  or  multiplier.  But 


inverse  symbols  derive  their  meaning  from  the  direct  operations 
to  which  they  stand  related : they  are  forms  of  interrogation, 
the  answers  to  which  are  to  be  tested  by  the  performance  of 
the  direct  operations.  Hence  it  may  be  inferred  that  the  laws 

for  the  transformation  of  inverse  expressions  involving  ^ 


with  constants  will  be  the  same  as  for  the  corresponding  forms 
of  ordinary  algebra.  The  analogy  consists,  not  in  the  mere 
adoption  of  a common  notation,  but,  as  all  true  analogy  does, 
in  a similitude  of  relations. 


4.  Solutions  of  Linear  Equations  with  constant  Coefficients. 

If  the  equation  — aj  u — X be  given,  we  have 

_fd 
U~\dx 

but,  the  known  general  solution  of  the  given  equation  being 

u = eaz  fe"**  Xdx, 

we  see  that 

- a)  *X=  eaxfe~axXdx (17), 

an  arbitrary  constant  being  introduced  by  the  integration  in 
the  second  member. 

If  X—  0,  we  have 

d-Jx-W. (18). 

These  results  we  shall  have  occasion  to  refer  to. 
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Ex.  Now  suppose  the  given  equation  to  be 

S-(.+wJ+*-x 

we  have,  on  separating  the  symbols, 

d 


or,  by  Art.  2, 


Hence 


(s-)(£-})“=x <I9>- 

x- (20)- 


On  comparing  this  with  (19)  we  see  that,  in  inverting  a system 
composed  of  two  operations  performed  in  succession,  the  order 
of  the  operations  themselves  is  inverted.  This  is  evidently 
true  whatever  may  be  the  number  of  successive  operations, 
the  last  to  be  performed  being  always  the  first  to  be  inverted. 


From  (20)  we  might  deduce  the  actual  value  of  u by  suc- 
cessive applications  of  (17).  Such  was  the  method  once  em- 
ployed. But  it  is  better  to  proceed  as  follows. 

From  (19)  we  have 


Now  by  the  known  theory  of  the  decomposition  of  rational 
fractions 


{(m  — a)  (m  — 5)P  = (m  — o)"1  + Ns  (m  — b)  1 ...(22), 

JVj,  JVS  being  functions  of  a and  b,  which  may  be  determined 
in  various  ways,  but  most  directly  by  multiplying  both  sides 
of  the  equation  by  ( m — a)  (m  — b),  and  equating  coefficients. 
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Now  the  suggested  transformation  of  the  expression  for  u 
given  in  (21)  is 

And,  from  the  very  definition  of  inverse  forms,  the  proper  test 
of  the  validity  of  this  transformation  is,  that  the  performance  of 

the  direct  operation  — aj  — bj  on  the  second  member 

shall  reduce  it  to  X. 

Effecting  this  operation,  and  remembering  in  so  doing  that 
— a and  — b are  commutative,  and  that  by  definition 

— aj  — aj  X=  X,  the  second  member  becomes 


*.(£-»)*+*(£-)< 


or 


dX 


(Nl  + N^~-(bNl  + aN^X. 

and  this  reduces  to  X if 

Nx  + Na=  0,  bN,  + aNt  = -l 


.(24), 


(25). 


But  these  equations  for  the  determination  of  Nt  and  are 
the  same,  and  necessarily  the  same,  as  we  should  have  found 
by -multiplying,  as  above  indicated,  (22),  by  (m  — a)  ( m — b ), 
and  equating  coefficients.  The  two  series  of  operations  only 

differ  in  that  — occupies  in  the  one  the  place  which  m occu- 

Sies  in  the  other.  Determining  Nlf  Nt)  we  see  that  u may 
e expressed  in  the  form 

1 


u = 


a — b 


Hi~l)  x) (26)-  , 
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Hence,  by  (17), 

u = [eaxj€-^Xdx  - e^fe^Xdx] .'(27), 

and  as,  on  effecting  the  integrations,  two  arbitrary  constants 
will  be  introduced,  this  is  the  most  general  value  of  «. 


5.  In  like  manner  if  there  be  given  the  general  linear 
differential  equation  with  constant  coefficients 

+ -+A)u  = X...v.  (28), 

and  if  we  represent  by  a,,  at ...  an  the  roots,  supposed  all  dif- 
ferent, of  the  algebraic  equation 

mn + Ajm"'1  + Atmn “* . + An  = 0 (29) , 

then  the  given  equation  may  be  expressed  in  the  form 


C & “ a‘)  {dx  ~ *•*  (< ix  a")  “ _ X’ 

whence 

-fa  {1-4} **•••<». 


the  decomposition  in  the  second  member  formally  resembling 
that  of  the  rational  fraction. 


If  the  equation  (29)  have  r roots  equal  to  q,  there  will 
exist  in  the  resolved  expression  for  u a series  of  terms  of  the 
form 


X...  (31), 


* This  theorem  was  first  published  in  the  Cambridge  Mathematical  Journal 
(1st  series,  Vol.  n.  p.  114),  in  a memoir  written  by  the  late  D.  F.  Gregory,  then 
Editor  of  the  Journal,  from  notes  furnished  by  the  author  of  this  work,  whose 
name  the  memoir  bears.  The  illustrations  were  supplied  by  Mr  Gregory.  In 
mentioning  these  circumstances  the  author  recalls  to  memory  a brief  but  valued 
friendship. 
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or,  which  is  preferable,  a single  term  of  the  form 


.(32), 


A,  B, ...  JR  being  determinate  constants. 

Now  since,  by  (26),  Qr  — aj  X — e^fe^Xdx; 

■■■  [i-Y  Hl-aY  ^Xdx 

= e“  /e"“  (e“  Je^Xdx)  dx 

mm  e°*  JJe^Xdx?. 

Proceeding  thus,  we  have 
d 


- ayX=  6°*/...  e—J&ZxP. 


.(33). 


Ex.,  Given  g+4g+8g-4|-4y  = X 

This  equation  gives,  on  decomposing  the  complex  operation 
performed  on  y, 

(^+2)'(s  + ,)(e-‘>=X! 

•'•3'={(e  + 2)’(s  + 1)(s-1)}  X 


Now 


4m  + ll 


(?«+2)a(m+l)  (m—  1)  9(m+2)*  2(m+l)  18(»»— 1) 

Therefore 

»-s(4s+11)(b +*Yx-l(l+1Yx+rs&-iyx 

-|(4^  + ii)^fffxaa?-\f*ffxax+±*frxax. 
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Now  (m*  + n*)-1  = - 7~-—  [{m-nVC-ljr-W+nVC-l)}-1]- 

Hence  x-!l+w(-i)} x] 

= {enx*-"Je~*-»Xdx  - €-W<-h  JfT^Xdx}. 

But  e«*  Vi-w  j€-nx>/i-»  Xdx 

— {coswx  + V(— 1)  sin  »}  {/ cos  nxXdx  — V(“  1)  /sin  nxXdx) 
e-i«  V(-H  J gW  V<-d  Xdx 

= {co3«ic  — V(—  l)sin  «®}  [f  cosnxXdx—*J(—l)  / sinwatXfx}, 
whence,  on  substitution  and  reduction, 

u = — (sin  nx / cos  nxXdx  — cos  nx  f sin  nxXdx). 


6.  When  the  second  member  X i3  a rational  and  integral 
function  of  x,  the  final  integration  may  be  avoided.  For, 

representing  the  given  equation  in  the  form  u = X + 0, 

we  have 


"“Ks)Fx+Hs)r° 


A particular  value  of  the  first  term  will  be  obtained  by  de- 

d_ 
dx ’ 

and  then  performing  the  differentiations  on  X,  while  the 
general  value  of  the  second  term  will  introduce  the  requisite 
number  of  arbitrary  constants. 


in  ascending  powers  (so  to  speak)  of 
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Ex.  Given  ^ +n'u=l  + x + a?. 
ax 

Here  (1 +x  + a?)  + 0 

= ^ + “ &C-> (1  + * + 

+ (7,costu;+  Cts\nnx 

= n-*  (1+  x + a?)  — 2w~*  + Cx  C03  nx  + Ct  sin  nx. 

The  validity  of  the  transformation  of  the  inverse  form 

/ d*  V1 

f^j  + n2 1 by  development,  as  of  its  other  transformation  by 

decomposition,  is  tested  by  performing  on  the  result  the  direct 

operation  -f  n4.  We  take  occasion  to  notice  that  different 

transformations,  while  equally  valid,  do  not  of  necessity  con- 
duct us  to  solutions  equally  general,  nor  have  we  any  right  to 
expect  that  they  should.  Each  solution  is  an  answer  to  the 
question  contained  in  the  given  inverse  form,  but  that  question 
may  admit  of  different  answers,  and  no  solution  is  general 
which  does  not  include  them  all. 


The  final  integrations  may  also  be  avoided  when  X consists 
of  a series  of  exponentials  of  the  form  with  coefficients 
which  are  either  constants,  or  rational  and  integral  functions 
of  x. 


Since  (^j  e"***  «**€'"*,  we  have,  for  all  interpretable  forms 
jf  relation 




■(35), 


the  second  number  expressing  the  complete,  because  the  only, 
value  of  the  first  member  when  i3  rational  and  integral, 
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but  a particular  value  of  the  first  member  when  is 

inverse,  the  test  being  as  before. 

Hence,  if  the  given  equation  be  u — SAme"“,  we  have 


u 


-^.vwrv+{/(^p 


(36),  . 


the  second  term  introducing  the  requisite  number  of  arbitrary- 
constants. 


Again,  if,  in  any  expression  of  the  form  f(j^  e”“X, 


we 


d . d,  d,  . d, 

convert  -j-  into  -r-  + , where  operates  on  x only  as 

(Jrjfr  rim*  rim*  rim*  1 ** 


dx 


dx  dx' 

contained  in  e"*,  and  ^ operates  on  x only  as  contained  in  X, 
we  have 


=Km+^)e'“x’hy  (S5^ 


Hence,  dropping  the  suffix  which  is  no  longer  necessary, 
since  X alone  follows  the  operative  symbol,  we  have 


K£)^x=^Al+m)x w- 

When  therefore  X is  a rational  and  integral  function  of  x,  a 
particular  value  of  the  first  member  may  be  found  from  the 
B.  D.  e.  25 
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second,  by  developing  the  functional  symbol  and  effecting  the 
differentiations.  And  that  particular  value  may  be  made 
general,  as  in  the  following  example. 


„ . (Pu  „ du 

Ex.  Given  a — 3j-  + 2w  = xe. 

(LOC  CLX 


Here  “=  - l)  (s  " 2)}  a5e’“  + {(^  - l)(lx  - 2)}  1() 


=eM{{k+m-1){^+m-2)Yx+c^+c^ 

= £mX  {(to  — 1)  (m-2)~  {(to  - 1)  (to  - 2)}a  Tx  +&Cj 


x 


+ Cf+  CjP* 


xe 


(2m  -3)  e” 


(to  — I)  (to  — 2)  ((to  — 1)  (w  — 2)}s 


+ Cl<?  + Cae*. 


Again,  the  theorem  (37)  relieves  us  from  any  difficulty  arising 
from  cases  of  failure  referred  to  in  Chap.  ix.  Art.  9. 

Ex.  Given  — a j u = e°*. 

Here  »=(^-a)>-i-(^)’l  by  (37) 


= «“  (ct  + c,x ...  + c„x-  + r|^)  . 

When  the  second  member  X involves  terms  of  the  form 
A.  cos  mx,  B sin  mx,  &c.,  we  may  either  substitute  for  them 
their  exponential  values,  or  we  may  employ  directly  the  easily 
demonstrated  theorem 

-/■rf*\sin  sin 

f mx  = f(—  to  ) mx. 

J \dxy  cos  J v cos 
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(Pu 

Ex.  Given  ^ + n\  — 2a„  cos  (mx  + n) . 


Here  u = + n’j  Xam  cos  (mx  + n)  + Qr^  + n*J  0 

/»>  /vn4  1 * 


n —m 


, sin  «ic. 


In  this  example,  however,  the  failing  case  which  presents 
itself  when  m = n,  is  most  simply,  though  not  most  satis- 
factorily, treated  by  the  methods  of  Chap.  IX.  Art.  11. 

The  reduction  of  an  integral  of  the  71th  order  by  the  fore- 
going theory  is  not  devoid  of  elegance. 

We  have 

IS-x<br^Y  x. 

Now  let  x = e®,  then 

dX_  _9dX 
dx  € dd’ 


Proceeding  thus,  we  have 

d^X=e~H*(jd~n+1)  (dd~n  + 2) 

and  therefore  the  operation  denoted  by  (Jj~j  , and  the  com- 
pound operation  denoted  by 


d A / d \ d 
d0~n+1){d0~n+2)'^^d0, 


d 


are  absolutely  equivalent.  Hence  inverting  both,  and  observ- 
ing that  the  inversion  of  the  latter  involves  the  inversion  of 
the  order  of  it3  component  symbols,  we  have 

25—2 
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(®-”+2)-4}Vx 

= 1.2..^»— I -n+2) 


(n  — 1)  (w  — 2)  Id 


1.2 


U-”+2) 


&c. 


■iibHsP-i’-pP* 

= ■ 2 1 — J {xn~' JXdx-(n-  l)xK^  JXxdx 
, (n-l)(«-2) 


X 


1.2 


JXxtdx ...  + / Xx"~ldx] , 


the  result  in  question. 

From  (38)  we  have  the  theorem 

X'd^=deidd~  *)  •••  {dd _n+  *) (39)’ 

which  is  important  in  the  transformation  of  differential  equa- 
tions. 


Forms  purely  symbolical. 

7.  In  any  system  in  which  thought  is  expressed  hy  sym- 
bols, the  laws  of  combination  of  the  symbols  are  determined 
from  the  study  of  the  corresponding  operations  in  thought. 
But  it  may  be  that  the  latter  are  subject  to  conditions  of 
possibility  as  well  as  to  laws  when  possible.  And  thus  it  may 
be  that  two  systems  of  symbols,  differing  in  interpretation, 
may  agree  as  to  their  formal  laws  whenever  they  both  express 
operations  possible  in  thought,  while  at  the  same  time  there 
may  exist  combinations  which  really  represent  thought  in  the 
one  but  do  not  in  the  other.  For  instance,  there  exist  forms 
of  the  functional  symbol  f for  which  we  can  attach  a meaning 
to  the  expression /(m),  but  cannot  directly  attach  a meaning 
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to  the  symbol  fi — ) . And  the  question  arises:  Does  this 


dx, 

difference  restrict  our  freedom  in  the  use  of  that  principle 
•which  permits  us  to  treat  expressions  of  the  form  as  if 

^ were  a symbol  of  quantity?  For  instance,  we  can  attach 

no  direct  meaning  to  the  expression  e “*f(x),  but  if  we  de- 
velope  the  exponential  as  if  ~ were  quantitative,  we  have 


=f(x  + h ) by  Taylor’s  theorem. 


Are  we  then  permitted,  on  the  above  principle,  to  make  use  of 
symbolic  language;  always  supposing  that  we  can,  by  the 
continued  application  of  the  same  principle,  obtain  a final 
result  of  interpretable  form  ? 

Now  all  special  instances  point  to  the  conclusion  that  this 
is  permissible,  and  seem  to  indicate,  as  a general  principle,  that 
the  mere  processes  of  symbolical  reasoning  are  independent  of 
the  conditions  of  their  interpretation.  In  the  few  instances 
we  may  have  occasion  to  employ,  verification  will  be  easy. 
"We  take  occasion  to  notice  that,  whatever  view  may  be  taken 
of  this  principle,  whether  it  be  contemplated  as  belonging  to 
the  realm  of  a priori  truth,  or  whether  it  be  regarded  as  a 
generalization  from  experience,  it  would  be  an  error  to  regard 
it  as  in  any  peculiar  sense  a mathematical  principle.  It 
claims  a place  among  the  general  relations  of  Thought  and 
Language. 


On  the  principle  above  stated  we  should  have 
ek+'*f(x,  y)-e‘*e*/(a,y) 


=f(x  + h,  y + k). 


Digitized  by  Google 


390 


FORMS  PURELY  SYMBOLICAL. 


And  here,  the  expression  e **  dy,  which  is  without  meaning  in 
itself,  is  to  be  regarded  simply  as  the  representative  of  the 
expression 


7 d , d 1 
1+h  di+Jcdy+T: 2 


1 

1.2.3 


which  has  meaning.  And  the  proper  test  of  the  validity  of 
the  symbolic  equation 


d d 

e‘=+‘*  = e 


» — £ ia  C *» 


consists  in  substituting  for  each  exponential  form  the  series  it 
represents,  and  comparing  the  finally  developed  results,  just  as 
we  should,  by  developing  the  exponentials,  verify  the  alge- 
braic equation, 

ghm+ht  _ 

It  must  be  noted  that  S-  and  are  commutative,  and 

ax  ay 

combine,  in  all  respects,  like  symbols  of  quantity.  We  are  not 
permitted  to  write  e’+dI  = e**4*,  because  x and  are  not 
commutative. 

8.  The  above  principle  is  illustrated  in  the  solution  of  the 
following  partial  differential  equations. 


Ex.  Given  *(*, S')- 


Here  “=(s?_“,33?) 

" (2»|)  {(s-°|) ' “ (s+“|) } * ^ 

" {2nds)~'  '"‘‘fc  '"*♦('”>  S')  dx-i“*  l“*4>(x,y)dx] 
= (*.  y + ax)  - d>3  (i x , y - ax)}  dy, 


Digitized  by  Google 


FORMS  PURELY  SYMBOLICAL. 


391 


the  forms  of  and  yfr  being  given  by  the  equations 
$1  (*»  y)  =I<f>  (x>  y - ax)  dx+  y}r(y), 

3>,  (*>  y)  =f<t>  (*>  y + ax)  dx  + x (y), 

t}t  (y)  and  x (y)  being  arbitrary  functions  of  y. 

If  <f>  ( x , y)  = 0,  we  hence  find 

U = (y + aa:) -X  (y  -<&)}  dy, 

or,  if  we  represent  ~ ty(y)  dy  by  ^(y),  and  ^fx(y)dy  by 
Xi  (y)» 

u = ‘\frl(y  + ax)  + x1  iy-ax). 

As  -ft  and  x are  arbitrary,  fa  and  xt  are  so  too.  This  agrees 
with  the  result  on  p.  360. 


Ex.  Given  _o. 


d'u 


We  may  put  this  in  the  form  + au  = 0,  where  o stands 


for  and  integrate  with  respect  to  x,  as  if  a were  a 

constant  quantity.  Remembering  that  the  two  arbitrary  con- 
stants of  the  complete  integral  must  then  be  replaced  by  two 
arbitrary  functions  of  y , z,  we  get  the  symbolical  solution 


+ sin 


4(£ 


4)‘l 


ir  (y>  *)• 


Developing  the  cosine  and  the  sine,  and  replacing 

(£+s?)*+(3r.«> 

by  a new  arbitrary  function  x (y>  z)>  we  have 
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««*(», 

+ 1.2*3. iisf+d?) 

. . xa  ( d*  d*  N . . 

+^(y,  z)-T^W+d?)*(y'e) 

x*  fd*  , d*y  , , , 

+ 1.2.3. 4.5  (#,  + *V  x(y»2)>&c- 

Under  this  form,  the  solution  is  presented  by  Lagrange  in  the 
M&canique  Analytique , Tom.  II.  p.  320. 

Generalization  of  the  foregoing  theory. 

9.  All  equations,  whatsoever  their  nature  or  subject,  which 
are  expressible  in  the  form 

(irH  4-  Agr*'1  + Aarrn~*  ...  + An)  u = X. (1), 

where  7 r is  an  operative  symbol  subject  to  the  laws 

7rau  = ami,  it  (u  + u)  = iru  + irv,  7 rm7rfl«  = 7rm+n  u, 

a being  a constant  and  u and  v functions  of  x,  admit  of  trans- 
formations analogous  to  those  of  Art.  5. 

Thus,  since  u = ( tt*  + A1  tt"'1  + Ajt7rn~a ...  + AB)_1X, 

we  shall  have,  when  the  roots  alt  as, ...  an  of  the  auxiliary 
equation 

. ran  + Ajn*~'  + Aamn~* ...  + An  = 0 

are  real  and  unequal,  the  transformation 

u — ATj  (tt  — a,)  _1X  + At  (it  — a,)-1X . . . + Nn  (tt — an)  ~'X. . . (2) , 

the  coefficients  Aj,  Na, ...  N%  being  determined  as  in  Art.  5. 

The  legitimacy  of  this  transformation  is  proved  by  operating 
on  both  sides  of  (2)  with  7 r"  + Alir*~l...  + An,  and  shewing 
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that  (1)  is  reproduced  with  the  same  conditions  for  deter- 
mining N„  JVS, ...  2Vn  as  if  7 r were  a symbol  of  quantity.  But 
the  question  of  its  completeness,  of  its  conducting,  through  the 
performance  of  the  inverse  operations  (tt  — a,)-1,  &c.,  to  the 
most  general  solution  of  (1),  is  one  that  we  are  not  called  upon 
to  determine  a priori.  In  all  the  cases  we  shall  have  to  con- 
sider, its  completeness  will  be  obvious. 


Ex.  The  equation 


d U . i (hi  §n  * 

— (2a:  +1)^  + + # — 1)  m = 0 


dx* 


is  reducible  to  the  form  tt  (tt  — 1)  u = 0 where  tt  — -^  — x. 


Hence 


U — (tt  — l)-1  0 — 7T  1 0. 


Let  (w  — 1)_1 0 = y,  then,  since  (w  — 1)  y = 0,  we  have 

dv  <£±!L* 

dx~  (*  + 1)y  = 0,  y = cxe  * * 


In  like  manner,  if  7r  *0  ±=z,  we  find 


S-xs“  0’  s = c*'  ' 


(g+l)»  ±» 

Therefore  u = cje  * — cseJ’ 


A very  interesting  application  of  the  same  theory  to  the 
solution  of  partial  differential  equations  is  afforded  by  what 
Mr  Carmichael  has  termed  the  index  symbol  of  homogeneous 
functions.  Cambridge  and  Dublin  Math.  Journal,  Yol.  VI. 
p.  277. 

Since,  if  ua  represent  a homogeneous  function  of  the  a,h 
degree  of  the  variables  x„  xi}  ...xn,  we  have 


du„ 

dx. 


+ x3 


dua 

dXn 


. dua 


it  follows  that,  if  we  represent  the  symbol  xx 
by  tt,  we  shall  have 

7rua  = aua , 7 r*«0  = a'ua , &c. 


£ 

dxr 


...(3), 

^ d 
+ X”dx~n 
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and  therefore,  in  accordance  with  the  reasoning  of  Arts.  3 
and  4, 

/(tt)  w0=/(a)ua (A), 

an  equation  of  which  the  second  member  expresses  the  com- 
plete, because  the  only,  value  of  the  first  number  when  f{ir) 
is  rational  and  integral,  hut  a particular  value  when  the  first 
member  contains  inverse  factors. 

Hence,  if  we  have  any  equation  f(ir)  u = X,  where  /(w)  is 
of  the  form  7rn  + AH-1  +Aa7r*~*  ...  + A„,  and  X is  a series  of 
homogeneous  functions  of  the  variables,  suppose 

X = Xu  + Xf,  + ...  &c., 

we  get 

«=(/w}^+{/wro 

-VHr*+i/Hr*-» + {/nr  o 

= {/(«)r*a+  {/(5)PXft  ...  + {/HP  0,  by  (A). 

To  find  the  value  of  the  last  term,  we  proceed,  as  in  Art.  5, 
to  reduce  it  to  a series  of  terms  of  the  form  A,(7r  — aPO, 
i being  the  number  of  roots  equal  to  a of  the  equation  f(m)  =0. 
Now  it  may,  by  an  induction  founded  on  successive  applica- 
tions of  Lagrange’s  method  for  the  solution  of  linear  partial 
differential  equations  of  the  first  order,  be  shewn  that 

(t r - a)~* 0 = ua  (log  as,)*-1  + va  (log  x^*~*  ...  + wa  ...  (J3), 

ua,  va,...wa  being  arbitrary  homogeneous  functions  of  xv 
xn  of  the  ato  degree. 

To  this  result  we  may  give  the  symmetrical  form 

(n- a)"i0  = «oA'"1  + vaM“  ...  + wa, 

L,  M,  &c.  being  logarithms  of  any  homogeneous  functions 
which  are  not  of  the  degree  0. 

It  remains  to  shew  how  it  may  be  ascertained  whether  a 
proposed  partial  differential  equation  can  be  reduced  to  the 
torm  /H«=I. 
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Let  us  resolve  each  symbol  , entering  into  7 r,  into  two, 


d' 


and  let  represent  as  operating  on  xt  only  as  entering 


d' 


into  w,  and  ^ only  as  entering  into  7 r.  Also  let 


a?. 


£_ 

dx , 


“I-  Xq  ^ ...  ~f“  &Ct  — 7 r , 


, d"  . d"  „ 

and  a;,  + a;g  -j—  +&c.  = tt  . 


efe:„ 


It  is  easily  seen  then  that  tt  = 
tt'u  = (7 r — 7r")  u — ttu; 


■ tv  + 7r".  We  have  therefore 


ft  / H\ 

. . 7 r W = (7T  — 7T  ) 7TU  . 


•(C). 


But  as  7r",  in  (C),  operates  on  the  variables  only  as  entering 
into  7 r,  which  is  a homogeneous  function  of  those  variables  of 
the  first  degree,  we  may  replace  it  by  unity.  We  have  there- 
fore TTnu  = (tt  — 1)  mi.  In  the  same  way  it  may  be  shewn 
that  7r'r«  = (7r  — r + 1)  (tt  — r + 2)  ...  ttu.  And  thus  it  is  seen 
that  any  partial  differential  equation  which  is  expressible  in 

the  form  f( rr ) u = X,  on  the  hypothesis  that  ^ , &c. 

operate  on  the  variables  only  as  entering  into  u,  is  reducible 
to  the  form  <f>(ir)u=X,  independently  of  such  restriction. 
This  reduction  having  been  effected,  the  solution  can  be  found 
by  means  of  (A)  and  ( B ),  whenever  the  second  member  con- 
sists of  one  or  more  homogeneous  functions  of  xt,  xt,  ...  xn. 


Ex. 


+ 2xy 


d*u 

dxdy 


+ nu 


=*x?  + ya  + »*. 


Here  we  have  (7 r4  — nir'  + n)u=a?  + ya  + x 
Therefore  {tt  {it  — 1)  — mr  + n)  u = a?  + ya  + x*, 
or  (7T  — n)  (7r  — 1)  u — a?  + ya  + v?f 

whence 
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u = {(71-  — n)  (w  — 1)}  1 {x* +y*  + x*}  + {(71-  — n)  (jr  — l)}-1  0 

a?  + y*  t x 3 

~(2-n)  (2-1)  + (3 -n)  (3  - 1) +“"  + 

un , v,  denoting  arbitrary  homogeneous  functions  of  the  degree 
n ana  1 respectively. 


10.  We  may,  by  simple  transformations,  reduce  to  the 

above  case  various  other  classes  of  equations  differing  from 

the  above  only  as  to  the  form  of  w ; e.  g.  the  class  in  which 

d d d , , 

nr  = alx1  —j^  + aixi  i . . + anxn  -j—- ; but,  passing  over  such 

special  forms,  we  shall  consider  the  general  equation  f(ir)u=  X, 
where 

-«r  d y d -yd 


and  each  of  the  coefficients  Xt,  Xa, ...  X„,  as  well  as  X,  may 
be  any  function  whatever  of  the  independent  variables.  And 
we  design  to  shew,  first,  how  it  may  be  determined  whether  a 
given  equation  admits  of  reduction  to  the  more  general  form 
above  proposed ; secondly,  how,  then,  to  integrate  it. 


Suppose  the  given  equation  of  the  nih  order;  then  the 
symbolical  form  in  question,  should  the  proposed  reduction  be 
possible,  will  be 


(7rn+  Aj-n-"-1  + At 7rn_* ...  + A»)  u = X (4). 


Now  the  highest  differential  coefficients  in  the  given  equation 
will  arise  solely  from  the  symbol  7r",  and  the  terms  in  which 
they  occur  will  enable  us  to  determine  the  form  of  ir.  Thus, 
for  two  variables,  we  have 


[ M^-  +Np)  u = 3P~+  2 +N * ^ 

V dx  dy)  dx  dxdy  dy 


( -.rdM  xrdM\  du  f ,rdN  ■KTdN\  du 


in  which  the  terms  containing 


d*u  d*u  d*u 
da 3*  ’ dxdy  ’ dy* 


are  the  same 
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as  they  would  be,  if,  in  the  first  member,  ^ were  sym- 
bols of  quantity.  And  this  law  is  general  for  the  highest 
differential  coefficients. 

Again,  the  form  of  n r being  determined,  the  values  of 
Alt  Aa, ...  will,  whenever  the  proposed  reduction  is  possible, 
be  found  by  effecting  the  operations  implied  in  the  first 
member  of  (4),  and  comparing  with  the  first  member  of  the 
equation  given. 


Suppose  the  equation  reduced  to  the  form  (4).  Then,  if 
the  auxiliary  equation 


m"  + AjW*  ‘ + Aamn~* ...  + An  = 0 (5) 


have  its  roots  all  unequal,  we  have  a series  of  terms  of  the 
form  (7 r — a)-1X ; and  each  such  term  involves  the  solution  of 
a partial  differential  equation  of  the  first  order  of  the  form 


du  v du  du  v 

^ dx  + au  ~ ^ • 


1 dxm 


ldxn 


But,  if  the  auxiliary  equation  (5)  have  equal  roots,  partial 
differential  equations  of  higher  orders  will  present  themselves. 
We  deem  it  therefore  important  to  shew  how  this  difficulty 
may  be  avoided,  or,  to  speak  more  precisely,  how  its  solution 
may  be  made  to  flow  from  that  of  the  corresponding  case  of 
linear  differential  equations  with  constant  coefficients. 


Introduce  a new  system  of  independent  variables  yt,  yt,...yn, 
so  conditioned  as  to  give  ir  = . To  prove  that  such  a sys- 

tem exists,  and  to  discover  it,  let  us  assume  yv  y%, ...  in 
succession,  as  subjects  of  the  above  symbolical  equation,  and 
examine  whether  the  results  are  consistent.  And  first,  assum- 
ing yx  as  subject,  we  have 


* 


dx2  *dx. 


(6). 


Secondly,  assuming  y{,  representative  of  any  of  the  remain- 
ing variables  y2,  y,,  ...  yH,  as  subject,  we  have  the  equation 
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1 ax. 


dx. 


+x. 


&-0. 

dx. 


.(7). 


It  follows  from  the 
system 


above  that,  if  we  integrate  the  auxiliary 


di b,  _ dxa  _ dx. 


(8), 


the  values  of  ya,  y3,  •••  y.  will  be  the  first  members  of  the 
integrals  of  that  system  expressed  in  the  form 


yt=a%,  •••  y.=a. (9)- 


And  it  follows  from  (6)  that  if,  from  the  system 


dxl 

X 


(10), 


differing  from  (8)  only  in  that  it  contains  one  additional  mem- 
ber dyv  we  deduce  an  additional  integral  equation  connecting 
y ■ with  the  original  variables  xx,  xa, ...  xn,  that  equation  will 
give  the  value  of  yr  We  see  that  the  number  of  distinct 
auxiliary  equations  is  precisely  equal  to  the  number  of  quan- 
tities to  be  determined,  so  that  the  scheme  is  a consistent  one. 

The  solution  of  the  problem  is  therefore  virtually  dependent 
on  the  partial  differential  equation  (6),  from  the  auxiliary 
system  of  which,  (10),  it  suffices  to  deduce  n integrals,  one 
expressing  yl  in  terms  of  x^,  xa, ...  x„,  the  others  determining 
y2,  y3,  ...y„,  as  functions  of  xx,  x„,  ...xH,  in  the  forms  (9).  To 
the  arbitrary  constant  in  the  value  of  yx  we  may  give  any 
value  we  please. 

Introducing  the  new  variables,  the  equation  given  now  as- 
sumes the  form 

/(^ )«  = 0(yi,y„  — y-), 

which  must  be  integrated  as  if  u and  yx  were  the  only  varia- 
bles, an  arbitrary  function  of  ya,  y3,  ...  y.  being  introduced  in 
the  place  of  an  arbitrary  constant.  Finally,  we  must  restore 
to  yx,  ya, ...  yn  their  values  in  terms  of  xa, ...  xH. 
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Ex.  Given  (1  -*T^+2  (1  -x’)  (1  -xy) ^ 

+ +n'»=0. 


Here,  the  form  of  the  first  three  terms  shews  that  we  must 
have  w=  (1  — a;*)  + (1  — xy)  -j-  , and  the  equation  assumes 

the  form 

(•nr*  + 7is)  u = 0. 

To  avoid  the  difficulty  arising  from  the  imaginary  factors 
of  7r2  + n*,  let  us  assume  two  new  variables,  x'  and  y',  such 

that  we  may  have  7 r = ^ . Then  by  (10) 


dx 


dy 


— dx’. 


1 — x?  1 — xy 
corresponding  to  which  we  have  the  integral  systems 

Hence,  if  we  assume 

, , //l  + »\  , y—x 

x ~logV  U-d’ 

we  get  the  transformed  equation 

(^+»,)«=°; 

u = co&nx'<f> ( y ) + sin nx  yjr ( y'), 

or,  restoring  to  x and  y their  values, 

=C08  (n  log 

+ sin  (n  log  y V • 


tt  = 
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EXERCISES. 


EXERCISES. 

da?  da?  dx 

2.  g_5*+6«  = ^. 

dor  dx 

3.  Determine  the  solution  of  the  above  equation  when 
m — 2. 

4.  ^-9-f  + 20«  = ^. 
da?  dx 

„ d'u  „ du 

5.  + 3 ^ + 2w  = 003  mx‘ 

{ d \n 

6.  Solve  the  equation  « = cos  mx. 

most  conveniei 

■(£-P 


In  the  ahove  example  it  will  be  most  convenient  to  proceed  thus : 
■ 

coBtnx  + 


- cos  mx  + e* 


■-(£-r 

(i-y 

= 1 — — (^-  +al  co9BUf  + e"(c,+c^r...  + c«r"-')* 

(—  jn*  — a8)*  \dx  / 

7.  Solve  the  equation  — a\  u = e*  cos  mx. 

. „ d'u  9 ( du  du  \ 

. (7*W  2 / 2 I !\  i 

9.  ^a?+2^S£a;+^^=(a: +2^)  ■ 
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10.  Solve,  by  the  method  of  Art.  10,  the  equation 

(d  d d\*  t 

l*s+^+’sJ“+n“=0- 

11.  The  solution  of  any  equation  of  the  form 

d*u  „ . du  ( dX  ,r  7\ 

dJ  + {2X  + a)te  + (dx+X  +aX  + h)u  = 0 

may  be  reduced  to  that  of  two  linear  equations  of  the  first 
order. 


r 


B.  D.  E. 


26 
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CHAPTER  XVII. 


SYMBOLICAL  METHODS,  CONTINUED. 


1.  The  classes  of  equations  considered  in  the  last  chapter 
might  all  he  gathered  up  into  the  one  larger  class  represented 
by 

/(tt)  u = x, 


7 r being  a symbol  combining  with  constant  quantities  as  if  it 
were  itself  a symbol  of  quantity.  But  linear  differential  equa- 
tions do  not,  except  under  particular  conditions,  admit  of 
expression  in  this  form.  Those  which  are  of  the  ordinary 
species  involve  in  their  general  expression  two  symbols,  x and 

, operating  in  combination  on  the  sought  and  dependent 

(UC 


variable  y ; and  no  substituted  form  of  such  equations  is 
general  which  introduces  fewer  than  two  symbols  in  the  place 

of  x and  -r- . We  propose  in  this  chapter  to  employ  a trans- 


formation which  is  general,  and  which  is  adapted  in  a very 
remarkable  degree  to  the  development  of  general  methods  of 
solution.  A somewhat  fuller  account  of  it  will  be  found  in 
a memoir  on  a General  Method  in  Analysis,  ( Philosophical 
Transactions , for  1844,  Part  n.)  Other  principles  and  other 
methods  will  also  be  noticed. 


The  following  theorems,  demonstrated  in  Chap.  XVI.  will 
frequently  recur. 

If  x — e®,  and  if  ~ be  represented  by  D,  then 

1)  •••(*>->*+>)« (i). 


while  the  relations  connecting  and  e®,  become 
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f (D)  e*9  —f  (m)  e** (2), 

f(D)  e"9  u = emif(D  + m)u (3). 


The  latter  of  these  relations  enables  us  to  transfer  the  ex- 
ponential em9  from  one  side  of  the  expression  f(D)  to  the  other, 
by  changing  D into  D ±m,  according  as  the  transference  is 
from  right  to  left  or  from  left  to  right.  Thus,  as  another  form 
of  (3),  we  should  have 

e’*9f(D)u=f(D-m)em9u (4). 


It  is  an  immediate  consequence  of  the  above  theorem  thatevery 
linear  differential  equation  which  can  he  expressed  in  the  form, 

dnu 


(a  + bx  + cot...)^  + (a'  + b'x  + c'xi...) 


-l- 


can  be  reduced  to  the  symbolical  form, 

f (D)  u +f  (. D ) e9u  +ft  (D)  e«u  + &c.  = T (6), 

where  T is  a function  of  6. 


For,  multiplying  the  given  equation  by  xn,  and  assuming 
x = e®,  the  first  term  of  the  left-hand  member  becomes,  by  (1), 

(o  + be 9 + ce89  + &c.)  D{D  — 1)  ...  (D  — n + 1)  u. 


and  this  is  reducible,  by  (4),  to  the  form 

aD  (D  — 1)  ...  (D  — n + l)  u + b (D  — 1)  (D  — 2)  ...  ( D — n ) eeu 

+ c (2?  — 2)  (19  — 3) ...  (D  — n — 1)  e^u  +&c., 

each  term  of  which  is  of  the  general  form  <f)  ( D ) eau.  The 
other  terms  of  the  first  member  of  (5)  admitting  of  a similar 
reduction,  while  the  second  member  becomes  a function  of  0, 
the  equation  itself  assumes  the  symbolical  form  (6). 


Ex.  1.  Given  ^ — n*w  = 0. 

dx 


Multiplying  by  xx,  and  transforming  as  above,  we  get 


D (D  — l)u  — n'e^u  = 0. 


26—2 
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Ex.  2.  Given  (1  + aa*)  ~ + ax  ^ ± n*u  — <f>  (a). 


Multiplying  by  a*,  we  have,  by  (1), 

(1  + ad9)  D (D  — 1)  u + ae*9  Du  + wV9w  = ei9<f>  (e9). 

But 

e*  D {D  - 1)  u = {D  - 2)  {D  - 3)  e"u ; and  e*Du  = {D-  2)  e*u, 

whence,  substituting,  and  collecting  together  terms  like  with 
respect  to  the  exponentials,  we  have 

D (D  — 1)  u + [a(D  — 2)’  + n*}  e^u  = e29^^9) 

as  the  symbolical  form. 

To  return  from  the  symbolical  to  the  ordinary  form  of  a 
differential  equation,  we  must,  by  (3),  transfer  the  exponentials 
to  the  left  of  each  symbolic  function  f (D) , convert  the  latter 
into  a series  of  factorials  of  the  from  D {D — 1) ...  (D  — n + 1), 
and  then  apply  the  transformation  (1). 


Ex.  3.  Given  D {D  — 1)  u + D (D  + 1)  du  = 0. 
We  have  in  succession, 


D (D  — 1) « + d {D  + 1)  (D  + 2)  u — 0, 

D (D  — 1)  u + d{D  (D  — 1)  + iD  + 2}  u = 0, 


, cPu 
dtf 


,<Pu 


du 


dx 


Therefore,  dividing  by  x, 


, ..  <Pu  du 

(x  + sd)  + 4a  — + 2u  = 0. 


A symbolical  equation  which  has  only  two  terms  in  its  first 
member  may  be  termed  a binomial  equation ; one  which  has 
three  terms  a trinomial  equation,  and  so  on.  We  may  deter- 
mine by  inspection  to  which  of  these  classes  an  ordinarv 
differential  equation  is  reducible.  For  multiplying  it  by  sucli 
a power  of  x as  to  permit  its  expression  in  the  form 
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Ax' 


d*y 
dx “ 


+ Zfe-Q+&c.  = X, 


where  j4,  I?,  &c.  are  algebraic  polynomials  with  respect  to  x ; 
the  number  of  distinct  powers  of  x involved  in  those  polyno- 
mials will  determine  the  number  of  terms  in  the  reduced 
symbolical  equation. 


Ex.  4.  Thus  the  equation 

, , . cFu  . . . du  , 

(«  + o»)  fat  + («  + «*)  ^ + 2«  = °» 

being  expressed  in  the  form 

(a  + bx)  a?  + (cx  + ex?)  x ^ + (jic*)  m, 


it  is  seen  that  its  symbolical  form  will  be  trinomial,  since 
the  terms  within  the  brackets  involve  x in  the  degrees  0, 
1,  and  2. 


Finite  solution  of  differential  equations  expressed  in 
the  symbolical  form . 

2.  If  we  affect  both  sides  of  the  symbolical  equation  (6) 
with  \f0  (Z?)}1,  then  for  f(D)~lf(D)  write  </>,(!))  &c.,  and  for 
{fo{J))P  T write  U,  we  shall  have 

u + </>,(/))  €*«  + <£S(Z))  e!,w...+  ^>n(D)  U. (7) ; 

and  under  this  form  the  equation  will  be  discussed  in  the  fol- 
lowing section. 

Prop.  1.  The  equation 
« + a10(D)  e®tt  + a$ (D)  <f>(D  — l)  €**«... 

+ aH(f>(D)<f>(D  — l)...<f>(D-  n+  1)  e"sM=  ?7...(8), 
may  be  resolved  into  a system  of  equations  of  the  form 
u — q<p  (D)  e*w  = U, 

the  values  of  q being  determined  by  the  equation 

q " + a,?*'1  + <*,?"**•  ••+<*»  = 
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< / > (£)  <f>(D-  1)  et9u  = <f>  (D)  e®<£  (. D ) eBu  = {0  {D)  ^}\ 

and  in  general 

(f>[D  — l)...<p(D  — n+  1)  eneu  = {(f >(B) 

So  that,  if  we  represent  the  symbol  (f>  (D)  ee  by  p,  the  equation 
in  question  becomes 

(l+a1p  + a^p1...  + a „/)")  u—TJ ; 

u = (1  + aj)  + aj?. . . + a^p")'1  U 

- W 1 - <lpT +^,(1- (1  - cr, 

provided  that  qt,  qt ...  qn  are  roots  of  the  equation 
qH  + a,?"'1  + atqK^...  + a„  = 0, 
and  that  Nlt  Nt...Nn  are  of  the  forms 

^ ^ 

n (?»  “ ?l)  (?«“?*)  — (?»  - ?»_,) 

Let  (1  — y^)'1  U = uv  (1  — qj))~l  U=u„  and  so  on,  then 

U = iV1M1  + iVjMj . . . + i^wn , 

where,  in  general,  u,  is  given  by  the  solution  of  the  equation 

ui  ~ (-0)  *?ui  = U (9). 

The  solution  of  the  general  equation  (8)  is  therefore  dependent 
on  that  of  the  binomial  equation  (9). 

When  (j)(D ) is  of  the  form  D~x  the  equation  (8)  corresponds 
to  the  ordinary  linear  differential  equation  with  constant  co- 
efficients. 
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Thus  the  equation  u — yy y = 0,  which  may  be  in- 
tegrated by  the  above  process,  is  only  the  symbolical  form  of 
the  equation  — <fu  = 0 (see  Ex.  1);  and  its  solution,  ex- 
pressed in  terms  of  x,  is 

u = Cetx  + CV**. 


In  like  manner  the  equation  u + ^ 
its  solution,  expressed  in  terms  of  x, 

u — G cos  qx  + C'  sin  qx. 

But,  when  <£  ( D ) is  not  of  the  form  D"1,  the  equation  (8)  will 
represent  an  ordinary  equation  with  variable  coefficients. 


eww  = 0 has  for 


Ex.  5.  Given 


(x1  — 3x5  + 2x*)  + (4x— 6a:*)  ^ + (2  + Gx)  u = ax*. 

The  symbolical  form  of  this  equation  is 
(D+  1)  (Z>  + 2)u-3(Z>  + l)  [D  — 2)6® w 

+ 2 (D  - 2)  {D  - 3)  e*u=ae*t, 

whence 


u — 3 


D- 2 

D + 2 


or,  putting 


+ J (D  + 2)(Z>+l)e  U (n  + 2)(»+l) 

P-2  j»_n  m 

P+2  * (»  + 2)(»  + l)  ’ 


1 


(1  — 3 p + 2 p*)  u=  T. 

“=Tr^.r=(i^-r^)r 

= 2m,  - u (a), 

where  «,=  (!  — 2p)~l  T,  ut  — (1  — p)~l  T. 
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From  the  former  we  have 


(1  2P)ul-T,oru1  2i)  + 2£tf“1-(n  + 2)  (n  + l)» 


whence  (Z>  + 2) «,  — 2 (D  — 2)  e®w,  = 
and  this  gives 

du 


(*-ta?)g  + (2  + 2 *)«|- 

In  like  manner  we  find,  for 
du, 


n + 1 
ax* 


» + 1 


■0). 


(■— ^g+0  + .K-^ 


.(c). 


The  values  of  w,  and  determined  from  (b)  and  (c),  and 
substituted  in  (a),  will  give  the  complete  solution. 

If  a — 0,  we  find 

fi(l—  te)'+g.(l-  x)* 

U~  a? 


3.  We  proceed  to  consider  more  folly  the  theory  of  the  bi- 
nomial equation 

u + <j>  (Z>)  ertu  = U (10). 

Prop.  2.  The  equation  u + <f>  (D)  er9u  = U will  be  converted 
into  v + <f>(D  + n)  erev  — V,  by  the  relations 

u = e**v,  U=  6”®F. 


For  assume  u = en9v,  and,  substituting  in  the  original  equa- 
tion, we  have 

e"*i>  + <f>  (D)  e(n+r)9v  = IT; 
e**v  + en0<f>  (D  + n)  = U,  by  (3) 
v + <f>(D  + n ) e^v  — e~n6U. 

Let  U=en$V;  then  the  above  becomes 
v + <f>  (D  + n)  erti?  = V, 
as  was  to  be  shewn. 
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Thus  in  any  binomial  equation  we  can  convert  <f>  (D)  into 
<f)  (D  + n),  n being  any  constant. 

t*ROP.  3.  The  equation  u + <f>(D)  e^u  = U will  be  converted 
into  v + yjr  (D)  e^v  — V,  by  the  relations, 


« = Pr 


+V>) 


v,  U—Pr 


4>{V) 

f(D) 


V, 


where  Pr 


*{D) 

+V>) 


denotes  the  symbolical  product 


<f>  (D)  if>(D  — r)  <f>  (D  — 2r)  ... 
yfr(D)Tlr(D—r)y}r(D—2r)... 


' For,  assume  u=f(D)v,  and,  substituting  in  the  original 
equation,  we  have 


f(D)v  + <f>{D)e«f(D)v  = U; 


f(D)v  + <j>(D)f(D-r)  e*t>  = U,  by  (4). 

« + ~ *’**  = U (11)- 

Comparing  this  with  the  equation  v + y(r  (D)  e^v  = V,  we 
have 

f{D)  ’ 

-m=^f{D-r). 


Hence 


*(i>) 


and  so  on ; wherefore  the  value  of  f(D)  will  be  represented 
by  the  infinite  product  ^^.[jZ^jZ £)Z.~  • Hence 
(11)  becomes 

v +'\fr(P)  e*v  — V 


# 
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with  the  relations 


u 


— P ft  (D)  jj_  p ft  (-P)  y /19\ 

r f(D)  J r-^(D)  V U * 


As  this  proposition  is  of  great  importance  in  the  solution  of 
differential  equations,  it  will  be  proper  to  examine  the  condi- 
tions which  its  application  involves.  Evidently  they  con- 
sist in  such  a choice  of  the  form  of  yfr  (D)  as  will  render  the 


symbolical  product  Pr 
tion  (11)  integrable. 


ft  IP) 


finite,  and  the  transformed  equa- 


ftOP) 


That  the  expression  of  Pr— may  be  finite,  it  is  sufficient 

that  for  every  elementary  factor  x ( D ) occurring  in  the  nume- 
rator there  should  correspond  a similar  factor  x {D  ± ir)  in 
the  denominator,  * being  any  integer  or  0;  and  vice  versa; 
for 

p xW  _x(-P)x(-P-y)x(-P-2r)--- 

” X (-P  + *r)  X (P  + ir)  x {D  + (t  ■ - 1)  r}...  •, 


X (D  + ir)  x{D+  (*  - 1)  r}...x  (D  + r)  ’ 
which  is  a finite  expression.  Again 


Pr 


XW 


X(D)x  r) 


X [D-ir)  x (-P  - ir ) X I-0  “ (*  + 1)  *•}  • •• 

= X iP)  X (D  - r)  — X [D  - (*  - 1)  rl» 


which  is  also  finite ; the  product  of  any  number  of  such  ex- 
pressions is  finite  also. 

Hence,  if  %(Z>)  be  any  elementary  factor  of  ft(J9),  it  may  be 
converted  into  v (D  + ir) ; for  let  <f>  (D)  ~x  (-P)  Xi  (-P)>  and 
let  ^r(J5)  = % (P  ± tr)  v,  (7)),  wherein  (Z>)  denotes  the  pro- 
duct of  the  remaining  motors,  then 

p ft  (-P)  » X(J) 

which  is  finite. 
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Hence  also,  if  6(D)  involve  any  factor  of  the  form 

X(D±”) 

it  may  be  made  to  disappear;  for  let  </>(/)) 
and  let  t/r(Z))  = XiP),  then 


P, 


6(D)  Pr  x(J) 


which  is  finite. 


Vr(-°)  rx(-0±»>)’ 


4.  We  see,  then,  that  there  are  two  distinct  kinds  of  trans- 
formation to  which  the  Proposition  may  be  applied.  In  the 
first  kind  6 (P)  i8  converted  into  another  symbolic  function 
yfr(D)  without  any  loss  of  component  factors,  whether  of  nu- 
merator or  of  denominator,  but  only  with  such  change  as 
consists  in  the  conversion  of  D into  D + tr.  And  here  the 
order  of  the  transformed  equation  is  the  same  as  that  of  the 
equation  given,  and,  its  solution  introducing  a sufficient  num- 
ber of  arbitrary  constants,  no  others  need  to  be  introduced, 
either  in  the  prior  determination  of  V or  in  the  subsequent 
derivation  of  u.  But  in  the  second  species  of  transformation 

some  component  factor  of  6 P)  (usually  of  the  form 

where  a — b is  a multiple  of  r)  is  lost,  and  the  transformed 
equation  being  of  an  order  lower  than  that  of  the  equation 
given,  the  deficient  constants  of  its  solution  must  be  supplied, 
either  beforehand  in  the  determination  of  V,  or  subsequently 
in  the  derivation  of  u.  If  in  the  former,  any  constants, 
sufficient  in  number,  introduced  by  the  performance  of 

l jj  -will  serve  the  purpose.  If  in  the  latter,  all 


6(D) 

f(D) 


V rfP) 

the  constants  introduced  by  the  performance  of  Pr 

must  be  retained,  but  their  subsequent  relation  must  be  de- 
termined by  means  of  the  differential  equation. 

The  reason  why  the  constants  connected  with  the  disap- 
pearing factors  are  arbitrary  in  V alone,  is,  that  V enters  into 
no  other  equation  than  the  one  in  whose  solution  those  con- 
stants are  found.  If,  however,  the  entire  series  of  constants 
in  V be  retained,  they  will  be  reduced  to  one  by  the  subse- 
quent differentiations  in  passing  to  the  value  of  u. 
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All  that  may  seem  obscure  in  the  above  statement  will  be 
made  clear  by  the  following  examples. 

Ex.  6.  Given  + (f  u — ^ = 0,  an  equation  occurring  in 

the  theory  of  the  earth’s  figure. 

The  symbolical  form  is 


u + 


(2>  + 2)  (D—  3) 


€UU=0. 


Now  we  may,  by  Prop.  3,  directly  reduce  this  equation  to  the 
form 

2* 


v + 


(D  + 2)  (D  + 1) 


e**v  = 0, 


which,  by  Prop.  1,  is  resolvable  into  two  equations  of  the 
first  order.  But  it  is  better  to  assume  as  the  transformed 
equation 

v + HTW — — =0. 


D{D-\y 

the  solution  of  which  is  known  already.  Art  2. 
By  Prop.  2,  assuming  u = we  have 


■<», 


w + 


6**10  = 0 . 


.(c). 


D{D- 5) 

Again,  by  Prop.  3,  we  can  pass  from  (c)  to  (b)  by  assuming 

Hence  u = c29  (D  — 1)  (D  — 3)  v 

= e-M{Z>  (Z>  — 1)  — 3Z>+  3} «, 

=?(x‘£-3xs+3)0‘ta(«x+c'> 

on  restoring  and  putting  for  v its  value  in  terms  of  a?. 
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Effecting  the  differentiations,  we  find 


u = c 


— y‘-‘j  sin  {qx  + c)  — cos  (qx  + c') 


(<*)• 


We  might  have  proceeded  directly  from  (a)  to  ( h ) by  Prop.  3; 
bat,  had  we  done  so,  the  final  reductions  would  not  have  de- 
pended on  differentiations  alone.  Thus  we  should  have  had 

„ D{D- 1)  D- 1 
U~P*{D  + 2)  {D  — 3)v~  1)  + 2 v 

= {1  - 3 (D  + 2)“}  t>=  (1-  3e-*°D~'e*)  v 
= v-3e-*fe»vd0, 

whence,  restoring  x and  giving  to  v its  previous  value,  we 
should  be  led  to  the  same  solution  as  before. 


5.  The  two  forms  of  solution  above  presented  illustrate  an 
important  observation,  viz.  that  when  in  the  transition  from 
(D)  to  y{f(D),  by  Prop.  3,  the  reductions  consist  in  augment- 
ing, if  we  may  be  allowed  the  expression,  D in  factors  of  the 
denominator  of  <jb  (D),  or  in  diminishing  D in  factors  of  the 
numerator,  they  will  be  effected  by  differentiations;  while 
those  reductions  which  consist  in  augmenting  D in  factors  of 
the  numerator  of  or  diminishing  it  in  factors  of  the  de- 

nominator, involve  integrations.  And  it  is  one  use  of  Prop.  2, 
that  it  enables  us,  in  many  cases,  so  to  prepare  the  given 
symbolical  equation  that  the  final  reductions  shall  depend  on 
differentiations. 


Ex.  7.  It  is  required  to  determine  the  symbolical  form 
and  character  of  those  differential  equations  of  the  nth  order, 
the  solution  of  which  depends  on  that  of  the  equation 


d'v 

dxn 


+ qnv  = X. 


The  symbolical  form  of  this  equation  is 

V ± 2>(D-1).?.(2>  — «+l)  = V 

where  V is  the  symbolical  form  of  [~j^J  A,  i.e.  the  result 
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obtained  by  writing  c®  for  x in  the  nlh  integral  of  Xdx",  no 
constants  being  added  in  the  integration.  From  inspection 
of  (a),  it  is  evident  that  the  class  of  equations  sought  must,  on 
assuming  x — e*,  be  expressible  in  the  form 


u + 


{D  + a,)  (D  + aJ ...  ( D + am ) 


€**11=17. 


■(b), 


in  which  we  shall  suppose  the  quantities  a,,  as . . . a„  to  be 
ranged  in  the  order  of  decreasing  magnitude.  Put  u = 
then  by  Prop.  2, 


«,  + n>n  , ? — 777-7 7 = e°i* U ....  (c). 

1 D(D  + at  — a,) ...  {JL)  + am  — oj  1 


The  first  factor  of  the  denominator  of  0 (D)  in  (c)  now 
agrees  with  the  first  factor  in  that  of  yfr(D)  in  (a).  In  any  of  the 
remaining  factors  we  may,  by  Prop.  2,  convert  D into  1)  ± in,  i 
being  any  integer, — hence,  that  they  may  all  correspond  with 
the  factors  of  ty(D),  it  is  necessary  that  each  of  the  quantities 


a,  — a,  + 1 as  — a,  + 2 aA  — a,  + 3 
n ’ n ’ n 


an  — a,  4-  n — 1 


» 


• • • (^) , 


should  be  equal  to  a negative  integer  or  to  0.  And  in  this 
statement  the  conditions  of  finite  solution  are  involved. 


The  value  of  u will  be  deduced  from  that  of  v by  differenti- 
ation, for  since  as  — al<  — 1, 


D-l 

{D  + a^-a,) 


= [D  — 1)  (2>  — n+  1)... (D  + a,  — at+  «), 


and  so  on  for  the  remaining  factors  to  which  Pn  is  to  be 
applied. 


Ex.  8. 
integer. 


Given 


d?u 

ch? 


t(t  + l) 


xl 


« + ?*»  = 0,  where  t is  an 


This  equation,  which  includes  that  of  Ex.  6,  presents  itself 
in  various  physical  problems  (Poisson,  TMorie  Mathematique  de 
la  Chaleur,  p.  158.  Mossofti,  on  Molecular  Action,  &c.) 
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“*(]?+»•)  (£-»•-!)  e”“"° (o)- 

Hence,  by  tbe  last  example, 

v 

....  (5), 


u = e-i*P„ 


P-1 


= <r“ (P  - 1)  (P - 3) ...  (P  - 2*  + 1)  r. 


where  v is  given  by  = 0. 

The  expression  ( b ) may  be  reduced  to  a more  convenient 
form,  as  follows. 

Since  f(D  — a)  = e“*y(P)  e-0*,  we  have 

« = e*.  e*Pe^>.  e“>J)€-x> . . . eW-Dej)e-W-i)e  v 

= e-(i+ l)9^^ye-(2i-l)«v 


= art<+1)  f a:8 


Hence,  according  as  the  upper  or  lower  sign  is  taken  in  the 
original  equation,  we  have 

- _L  cicoggSB  + 8in  /_n 

a^V dx)  a*'1  (c'* 


or 


U~Xi+i(f(te)  gJti-l  

T?  n m-  d*u  *(t+l)  „ 

Hx.  9.  Given  ^ ~a  = 0. 


(<*)• 


Comparing  this  equation  with  the  last,  we  see  that  its  solu- 
tion may  be  derived  from  (d)  by  changing  therein  q into 

a -j-  , c,,  c%  into  arbitrary  functions  of  y following  the  expo- 
nentials. Hence  we  shall  have 
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t£_  1 d Y e**  *>$(?/)  + (y) 

1 /j<*  Y <i>(y+ax)+'1f(y-ax) 

xM  \ dx]  a:--1 

The  reason  why  the  arbitrary  function  <f>  (y)  must  be  placed 
& 

after  and  not  before  it,  is  that,  in  the  derivation  of  the 
exemplar  form,  the  arbitrary  constant  takes  its  place  after,  and 
not  before  e**-  ' 

For  (s-*)  0 = e”  (s)  0=^c- 

Here  indeed  we  may  transpose  the  constant,  but  when  q is 

converted  into  a we  have 
dy 

(s  - a4r  ° (&r  ° r W’ 

and  here  the  arbitrary  function  cannot  be  transposed,  since  y 

d . 

and  ~r  are  not  commutative. 
dy 


The  principle  here  illustrated,  and  which  is  a very  important 
one,  is  that  all  conclusions  founded  on  community  of  formal 
laws  should  stop  short  of  interpretation.  The  form  should  be 
kept  distinct  from  the  matter.  There  is  perfect  analogy  between 
the  theorems 


0=  e*1 


but  not  between  the  theorems, 


because  in  the  formation  of  the  latter  interpretation  has  been 
employed. 
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The  above  example  is  one  in  which  Monge’s  method  of 
solution  would  fail,  except  for  the  particular  case  of  % = 0. 
And  this  gives  occasion  to  the  remark  that  symbolical  methods 
are  not,  as  they  have  sometimes  been  supposed  to  be,  valuable 
only  as  abbreviating  the  processes  of  analysis.  There  are  in- 
numerable cases  in  which  they  afford  the  only  proper  mode 
of  procedure. 


Ex.  10,  Given 


(1  - S + ftr1  - (*»  - i>  + 1)  *}  I*  - 2»  (2»  - r) « = 0. 

This  equation  occurs  in  some  researches  of  Poisson  on  definite 
integrals.  The  symbolical  form  is 


..  {D  + 2n-2){D+2n-2-p)  „ 

“ Tnp^J) 8 “=0 

This  equation  is  integrable  in  several  distinct  cases,  but  we 
shall  examine  here  the  particular  case  in  which  n is  an 
integer. 

Assuming  as  the  transformed  equation, 


(«)• 


v 


D + 2ra  — 2 — p 50 

D +p 


v — 


V 


P). 


it  being  necessary  to  introduce  V because  the  transformed 
equation  is  of  an  order  lower  than  that  of  the  equation  given, 
we  have, 


u = P. 


D + 2n  — 2 

Id 


v 


= (D  + 2n  — 2)  (D  + 2n  — 4)  ...  {D  + 2)  v (c),  * 


0 = (JD -f-  2n -*- 2)  ( D + 2 n — 4)  ...  (23  + 2)  V. 


The  latter  equation  gives  for  V the  general  value, 

V=c1e-*e  + cae-t°...+c^1<:-^9, 

of  which  it  suffices  to  retain  one  term.  Retaining  the  first, 
B.  D.  e.  27 
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substituting  in  (b),  and  operating  on  both  sides  with  D + p, 
we  get 

{D+p)  v - {D  + 2n  - 2 -p)  e*v  = c,  (p  -2)  e-". 

Restoring  x,  and  integrating,  a value  of  v is  found,  involving 
two  arbitrary  constants,  whence  u will  be  given  by 

“=  (X^  + 2n"2)(a5^  + 27l-4)‘”(X^+ 

The  proposed  equation  is  also  integrable  when  p is  an  odd 
integer,  and  when  2 n-p  is  an  even  integer.  In  the  former 
case  we  may  assume  as  the  transformed  equation, 

(D  +2n—  1 — p)  (D  + 2«  — 1 —p  — 1)  « 

— p t^T(d+^T) 

which  must  be  integrated  by  Prop.  1.  In  the  latter  case  we 
must  assume 

v — e,9v  = V ; 

but  in  this  case  two  constants  must  be  retained  in  V;  viz.  one 
from  each  set  of  the  reducing  operations  by  which  the  factors 
of  <p  (D)  are  made  to  disappear. 

6.  It  will  be  observed  that,  in  the  foregoing  examples, 
we  reduce  the  proposed  symbolical  equation  by  Propositions 
2 and  3,  either  directly  to  an  equation  of  the  first  order,  or 
to  a form  which  by  Prop.  1 is  resolvable  into  a system  of 
equations  of  the  first  order.  But  there  exists  yet  another 
class  of  equations  admitting  of  finite  solution ; viz.  such  as  by 
Props.  2 and  3 are  reducible  to  either  of  the  primary  forms, 

(i8)> 


2)  „ 

”+  all>±  »■  ^ 


(H). 


The  former  of  these  is  the  symbolical  form  of  the  equation 
tPu  du  o 
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which  is  reducible  to  ~ ±n*u  = 0,  by  the  assumption 

t=  f 

Jv(l  +OX*)  ’ 

The  latter  is  the  symbolical  form  of  the  equation 
( a ? + a)  a? + (2a^  + a)  x^j-  ± n’u  = 0, 


which  is  reducible  to  the  form  ~ f n*u,  by  the  assumption 

[ (1x 

Jx  V(»*  + a)  * 


Hence,  the  ordinary  solutions  of  (13)  and  (14)  will  be 
obtained  by  substituting 

f dx  f dx 


'V(l  + cud) 


< = f_*L_ 

* ix'Jtf+a')' 


CL  U 

in  the  solution  of  the  equation  ± n2u  = 0. 

It  may  be  added  that  the  forms  (13)  and  (14)  are  allied, 
the  one  being  convertible  into  the  other  by  changing  6 to  — 6. 

Ex.  11.  Given 

(!-**)  <^-(2m+l)x^  + tf-m')u  = Q. 

The  symbolical  form  is 

u _ (D  + m-Vf-q*  * 

D{D- 1) 


If  we  apply  Prop.  2,  so  as  to  convert  D into  D — m,  and 
then  by  Prop.  3 reduce  the  equation  to  the  general  form  (13), 
we  shall  obtain  the  final  solution  in  the  form 


f d\n 

u = ( -£-)  {c,  cos  {q  sin"1  x)  +ct  sin  (q  sin"1  a;)}. 

27—2 
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7.  Pfaff's  Equation.  The  differential  equation, 

(a  + bxn ) + (c  + ex")  x<^  + (f+9x*)  U = X "•  («)» 

which  includes  all  binomial  equations  of  the  second  order,  has 
been  discussed  by  Euler,  and,  with  greater  generality,  by 
Pfaff  (Disquisitiones  Analytical).  We  propose  to  investigate 
the  conditions  under  which  it  admits  of  finite  solution. 

It  suffices  for  this  purpose  to  consider  the  case  in  which 
X = 0. 

The  symbolical  form  is  then 

, & (-P-*)  (D ~n -l)+e(E -n)+  g * _ 

+ aD  {D  — l)+cD  +f  e — 0 — (*). 

If  n is  not  equal  to  q,  it  is  convenient  to  change  the  inde- 
pendent variable  by  assuming  nd  = 29',  whence 

d _n  d 

dS~  2 dO" 

So  that  changing  nd  into  2 O',  we  must  change  D into  ” D. 


(«), 


The  result  may  be  expressed  in  the  form, 
b (£-«,)  {D- 

u + a(D-M{Drfiy  U 

where  o,  and  aa  are  roots  of  the  equation, 

‘)+*(r-)+'-0 »■ 

and  /3S  are  roots  of  the  equation, 

“t('|-iJ  + c¥+/=0 M* 

1st,  By  Prop.  3,  (c)  can  be  immediately  reduced  to  the  form 

b (D-gJJD^-i) 

V + a (D-PJiD-fr- l)ev 
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and  then  resolved  into  two  equations  of  the  first  order,  if  we 
have  at  the  same  time  eq  — oq,  and  — /S2  odd  integers. 

2ndly,  The  equation  can,  by  Prop.  3,  be  reduced  to  an  equa- 
tion of  the  first  order  if  any  one  of  the  four  quantities 

at~Pn  «i-&»  «*-£. 

is  an  even  integer. 

3rdly,  It  is  easily  shewn  that  by  Props.  2 and  3 (c)  is  re- 
ducible to  the  integrable  form  (13)  if  the  quantities 

and  cq  + oa  - & - & 


are  both  odd  integers. 


4thly,  It  is  in  like  manner  reducible  to  (14)  if  the  quanti- 
ties 

0,-0,  and  oq  + «2  - /3X  - 


are  both  odd  integers. 

These  results  may  be  collected  into  the  following  theorem. 
The  equation  (c)  is  integrable  in  finite  terms,  1st,  if  any  one 
of  the  four  quantities  represented  by  a — /3  is  an  even  integer ; 
2ndly,  if  any  two  of  the  quantities 


®1  ft* } ®1  ~b  fit  fit 

is  an  odd  integer. 


In  this  theorem  the  integral  values  are  supposed  to  be 
either  positive  or  negative,  and  the  even  ones  to  include  the 
value  0. 


The  above  results  are  equivalent  to  those  of  Pfaff,  as  pre- 
sented with  some  slight  increase  of  generality  in  a memoir  by 
Sauer  ( Crelle , Vol.  II.  p.  93).  Pfaff’s  conditions  are  how- 
ever exhibited  in  so  complex  a form  as  to  render  the  com- 
parison difficult.  His  method,  it  is  needless  to  say,  is  wholly 
different  from  the  above. 
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Symbolical  equations  which  are  not  binomial. 


8.  Although  processes  of  greater  or  less  generality  may 
he  established  for  the  treatment  of  equations  which,  when 
symbolically  expressed,  involve  more  than  two  terms  in  the 
first  member,  yet  their  reduction  if  possible  by  some  preli- 
minary transformation  to  the  binomial  form  should  always  be 
our  first  object.  We  purpose  here  to  illustrate  this  observa- 
tion. 

Ex.  12.  Given  ^ . 

day  (2  cx  — x) 

Writing  this  equation  in  the  form 

(2 c — x)ix‘(^~  + by  = a (2 cx  — sd)*, 

we  see  at  once  that  its  symbolical  form  will  not  be  binomial. 
Assuming  y = (2c  — x)mu,  we  have  on  reduction 

,n  . , cPu  _ , du  to  (m  — 1)  a?  + b ax* 

(2c  ~x)x  ~fa?~  — H «= 


dx 


2c  — x 


-u  = 


(2c  — x)” 


Now  let  to  be  so  determined  as  to  make  the  numerator  of 
the  third  term  divisible  by  its  denominator.  This  involves 
the  condition 

TO  (to-  1)  +^5=0 (a), 

while  the  differential  equation  becomes 
(2c  — x)x%^^  — 2mxd~  — m (to  — 1)  (2c  + £c)«  = 


dx 1 ~"°~dx~ V" ^ “ “ (2 c^T^ ’ 

of  which  the  symbolical  form  is 

(D— to)  (J-fro-1)  (D+to-1)  (J+to-2)  , 

whence,  operating  on  both  sides  with  (D  + m — l)"1, 

(D  — to)  m — (D  + to  — 2)  e*u  = e<i-™>9i)~1e(nv+1)ff(2c  — e9)1-*1. 
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Restoring  x,  and  solving  the  equation,  we  have,  on  representing 
2c  — x by  X, 


u = ~ xmX1~imfx-*nXim-ifarX1-mdx‘, 

SdC 

which  integration  by  parts  reduces  to  the  form 

_ a {xmXi'*m  JXmad-mdx  - oF*  farXl~mdx] 

U 4c*  (2m  — 1) 

Therefore  = a {xmX'^'fx1-nXmdx  - xl^Xm  fxmX^dx} 


4c*  (2m  — 1) 


the  integral  required,  It  is  to  be  noted  that  each  integration 
introduces  an  arbitrary  constant.  It  is  also  seen  that  each 
value  of  m derived  from  (a)  leads  to  the  same  result. 

The  above  equation  occurs  in  the  problem  of  determining 
the  tendency  of  an  elastic  bridge  to  break,  when  a heavy  body, 
e.  g.  a railway  train,  passes  rapidly  over  it.  The  equation 
between  y and  x is,  on  a certain  hypothesis,  that  of  the  tra- 
jectory described.  See  an  interesting  paper  by  Prof.  Stokes 
( Cambridge  Phil.  Transactions,  Vol.  Till.  p.  708). 

Ex.  13.  Given  (1  — yPj  ^ (1  — /x*)  ~+«(n  + l)  (1  — fjd)u 

^ = 0 
Li 


the  well-known  equation  of  Laplace’s  functions. 


d<f>* 


Representing  ^V(— 1)  hy  a,  the  equation  may  be  ex- 
pressed in  the  form 

(1 0 - 2*.  (1  - ^ + 1»  (*•  + !)  (1  - ^ = 0, 

and  it  is  evident  that  it  would  not,  on  assuming  fi  = e*,  take 
the  binomial  form. 

Let  then  u=(  1— /i*)r«.  We  find,  on  substitution,  and 
division  of  the  result  by  (1  — /P)r, 
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(1V)f-*  “ (4r+2)^^-  + {»(«+!)— 4r*-2r}v+^^-r=0... (a). 


Let  4r®  — a*  = 0.  Then  r = + ^ . Either  sign  may  be  taken. 
Choosing  the  lower,  we  have 


(!  ~ /*')  |^  + 2(a-l)/i^  + {«(n  + l)-a(o-l)}  o = 0, 


an  equation  which,  on  making  fi  = e®,  assumes  the  symbolical 
form 


(Z?-q  + «-l)  (D-a-n-2)  „ _ 
2)(Z>-1) 


(5). 


To  integrate  this,  assume 


w 


(D-a-n-\)(D-a-n-2)  « 

D(D-\)  U 


(c). 


Then  by  Prop.  3, 


v — {D—  a + n — 1)  (Z>  — o + n—  3)  ...  (Z>  — a — n + 1)  to 
d 


(l  ID 


w, 


while  (c),  resolved  by  Prop.  1 and  integrated,  gives  the  solution 


» = (1  +/.)"“+  («  + (1  - /.)"■*  M>) («), 


yfr  and  % being  arbitrary  functional  signs.  This  expression 
for  to  having  been  substituted  in  (d),  we  must  write 
for  a,  and  interpret  the  result. 

Now  if,  instead  of  ^fr((f>)  and  %(<£),  we  write  and 

X {e*^1-11},  as  we  are  evidently  permitted  to  do,  and  if  we 
observe  that  generally 
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=y[e{^+i°gt  V(-D}V(-«]  =/{e*v'(-i)-iog<j 


we  shall  ultimately  find 

u = fL,  Vft.l/*1)  ^V(-i)i , 

i /* 

where  + 

+ 0‘-(‘Tx(^^)} (15), 

which  is  the  complete  integral. 


For  a discussion  of  this  result,  and  for  the  finite  expression 
for  Laplace’s  functions  to  which  it  leads,  the  reader  is  referred 
to  a paper  on  the  Equation  of  Laplace’s  functions  in  the 
Cambridge  Mathematical  Journal.  (New  Series,  Vol.  I.  p.  10.) 


If  in  the  equation  (a)  we  make  the  third  instead  of  the 


71 

fourth  term  to  vanish,  which  gives  for  r the  values  - and 


« + 1 


and  then  assume 


= t,  we  shall  obtain, 


.2  ’ V(i-V)  . 

taking  the  second  value  of  r,  the  symbolical  equation 


v + 


(D  + n — 1)*  — a* 

~^r^ir 


ew  v = 0. 


Now  by  Propositions  2 and  3 this  is  reducible  to  the  integra- 
te form 


w 


+ D(p  — 1)  e^~°’ 


by  the  relation 
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v = <T"+l*D(D-l)...  (D  — n)  w 


Hence  we  find 

« - (!)“"  [«,  j< + v<  i + or  Hi'+#+fn 

whence  u is  known. 

Let  us  examine  the  form  of  the  solution,  when,  as  is  com- 
mon in  the  expression  of  Laplace’s  equation,  we  replace  by 
cos  6.  We  find 

< = 00*0, 

whence  t + V(1  + f)  — cot  ^ 6. 

Substituting,  and  observing  that  u = (sin  d)-”-1  v,  we  have 

u = (sin  (sin*  6 ~ ) jc,  (cot  + c4  (tan  J . 

And  hence,  restoring  to  a its  meaning,  introducing  arbitrary 
functions  for  constants,  and  effecting  one  of  the  differentia- 
tions, we  may  deduce  the  following  solution  of  Laplace’s 
equation,  viz. : 

u = (sin  0)~*  (sin  6 sin  6)n  JV,  je*  tan  || 

+ jr|e-*VHItan|J...(16). 

Under  this  singularly  elegant  form  the  solution,  obtained  by 
a different  method,  was  given  by  Professor  Donkin.  (Philo- 
sophical Transactions,  for  1857.) 
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Solution  of  linear  equations  by  series. 

9.  Prop.  4.  If  a linear  differential  equation  whose  second 
member  is  0 be  reduced  to  the  symbolical  form 

f (. D)u+f(D ) e°u  +f(D)  t&u ...  +fn(D)  6*«u  = 0 ...(17) 

(Art.  1),  then  a particular  solution  will  be 

u = tuMd*» (18), 

the  value  of  the  index  m in  the  first  term  being  any  root  of  the 
equation  f0  (m)  = 0,  the  corresponding  value  of  um  an  arbitrary 
constant,  and  the  law  of  the  succeeding  constants  being  expressed 
by  the  equation, 

f(m)  um  +f(m)um_1  +/s(m)um_a ...  +fn(m)uM  = 0 ...  (19). 

For  the  form  of  u assigned  in  (18)  will  constitute  a solution 
of  (17)  if,  on  substituting  that  form  for  u in  the  first  member 
of  (17)  and  arranging  the  result  in  ascending  powers  of  e6, 
each  coefficient  should  vanish.  And  this,  as  we  shall  see, 
will  take  place  if  the  coefficients  are  subject  to  the  relation 
expressed  by  (19). 

Assuming  then  u — %umemB,  we  find, 

/. (D)  » = tf, = by  (2), 

/(A)  A = S/,(m  + l) 

and  so  on.  In  the  first  of  these,  we  see  that  the  coefficient  of 
any  particular  term  emB  is  f (m)  um.  In  the  second,  the  co- 
efficient of  e(m+1)S  is  f (m  + 1)  um,  and  therefore  the  coefficient 
of  em$  is  f (m)  u„_, . In  the  third,  the  coefficient  of  emB  is 
ft  (m)  um-t>  and  so  on.  Thus  the  aggregate  coefficient  of  ene  is 

fa  (m)  U<n  +fl  (m)  Um-1  +fi  (m)  um-t  •••  +fn  (»*) 

and  this,  equated  to  0,  expresses  the  law  (19). 
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Let  «rer#  be  the  first  term  in  the  developed  value  of  u ; then 
must  we  suppose  ur_t  = 0,  wr_,  = 0,  &c.  and  (19)  becomes 

f(r)ur  = 0. 

As,  by  hypothesis,  ur  is  not  equal  to  0,  this  gives  f0  (r)  = 0, 
for  the  determination  of  r,  and  leaves  ur  arbitrary.  Hence 
the  proposition  is  established. 

Thus  there  will,  except  in  particular  cases  of  failure  here- 
after to  be  considered,  be  as  many  distinct  solutions  of  the 
form  (18),  each  involving  an  arbitrary  constant,  as  there  are 
units  in  the  degree  of 

Ex.  14.  Given  ~ — - — - ~ — n*u  = 0. 
dp  x ax 

The  symbolical  form  is 

D (D  — a)  u — n’eM«  — 0. 


Hence,  we  have  u = Xumxm,  the  law  of  formation  of  the 
coefficients  being 

n2 

m(m  — a)uM  — »*«__.  = 0,  or  uM  = — ; r w„ 

v y * ’ to  (m  - a)  2 


while  the  initial  exponent  is  0 or  a.  There  are  therefore  two 
ascending  series,  one  beginning  with  C,  the  other  with  C'xa. 
Thus  we  have 


u — C -f- 


Cn* 


x*  4- 


CnK 


2 (2  - a)  2 . 4 (2  - a)  (4  - o) 


sc 1 + &c. 


2 (a  + 2)  + 2 . 4 . (a  + 4)  (a  4-  2) 


+ &c. 


10.  When  the  equation  f0  (to)  = 0,  has  equal  or  imaginary 
roots,  the  following  procedure  must  be  adopted.  Let  the 
solution  of  the  equation  fa  (D)  u = 0,  be 

« = AP  + BQ+  GR  + &c (20), 

A,  B,  C,  &e.  being  the  arbitrary  constants.  Substitute  this 
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•value  in  the  given  differential  equation,  regarding  A,  B,  C,  &c. 
as  variable,  and  the  result  will  assume  the  form 

AP+FQ  + C'B  + & c.  = 0 (21), 

and  will  be  satisfied  if  we  have 

A'  = 0,  B = 0,  C"  = 0,  &c (22). 


This  will  indeed  become  a system  of  linear  simultaneous 
equations  for  determining  A,  B,  C.  And  the  solution  of  this 
system  in  a series  will  be  of  the  form 

A = 2amema,  B = tbme"‘e,  G = tc^,  &c. 

the  law  of  formation  of  the  coefficients  am,  bm,  cm , &c.  being 
expressed  by  a system  of  simultaneous  equations  formed  from 
(22),  by  changing  therein  every  term  of  the  form  <f>{D)  e^A 
into  (f>  (m)  a„_i , &c.  ( Philosophical  Transactions.) 

There  is  a particular  case  of  exception  to  the  above  rule. 
When  two  of  the  roots  oifQ  (m)  =0  differ  by  a multiple  of  the 
common  difference  of  the  indices  of  the  ascending  develop- 
ment, the  equation  f0  (D)  = 0,  must  be  replaced  by  what  that 
equation  would  become  were  the  roots  in  question  equal. 

-r<  „ - n-  (Fu  1 du  , t 

Ex.  15.  Given  -j-j  — -r-  + pu  = 0. 

(IX  (C  (IX 

The  symbolical  form  is 

IPu  + = 0 (a). 

Now  IPu  = 0 gives  u = A + B0.  Substituting  this  value 
in  (a),  regarding  A and  B as  variable,  we  have 

IP  A + <f£*A  + 2 DB  + 0 {JPB  + gVffl)  = 0, 
which  furnishes  the  two  equations, 

IP  A + qV9A  + 2 DB  = 0,  IPB  + = 0, 

whence  A = 2amem9,  B = Xbmem9,  with  the  relations 
rPam  + + 2 mbm  = 0,  nPbm  + <fb^  = 0, 
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from  which  we  have 


(5). 


Thus  we  find,  on  substitution,  and  restoration  of  x, 
u=a0+  aax*  + atx*  + &c. 

+ log  x (b0  + ba a?  + btx*  + &c.), 

where  ag,  b0  are  arbitrary,  and  the  succeeding  values  determined 
by  (a). 

Were  the  symbolical  equation  of  the  form 

D (D  ±2i)u  + <f£9u  = 0, 

it  would  still  be  necessary  to  determine  the  form  of  the 
primary  assumption  by  solving  the  equation  D3u  = 0,  not  by 
D (D  ± 2 i)  u = 0.  We  should  therefore  still  have  u = A + B0, 
in  which  A and  B are  series  to  be  determined  as  before. 

Ex.  16.  Given  a?  ~ + x ^ + (n*  + a?)  u = 0. 


The  symbolical  equation  is 

(D*  + »*)«  + = 0 (a). 

Now  the  equation  (IA  + nr)u  — 0 gives 

u = A cos  nd  + B sin  nB ( b), 


substituting  which  in  (a),  and  equating  to  0 the  coefficients  of 
cos  nB  and  sin  nB  in  the  result,  we  have 

JJ1  A + 2 nDB  + A — 0t 

ZfB-2nDA  + ewB  = 0, 

whence  A — %amemB,  B=Xbmem9,  with  the  relations, 
m7am  + 2 mnbm  + a^t  = 0, 

- 2 mna„  + b„_a  = 0, 
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and  therefore, 

_ ~ 2n^  h + 2wa"-«  m 

to  (m3  + 471s)  ’ m to  (to3  + 4n*)  '' *' 

Thus  the  solution  assumes  the  form, 

u = cos  (n  log  «)  (a4  + aax*  + atx ‘ + &c.) 

+ sin  (n  log  x)  (b0  4-  bux*  + btx*  + &c.), 

wherein  a0  and  b0  are  arbitrary,  and  the  succeeding  coefficients 
determined  by  c. 

The  fundamental  equation  (19),  written  in  a reversed  order, 
determines  the  law  of  the  formation  of  the  coefficients  in 
those  solutions  of  (17)  which  are  expressible  in  descending 
powers  of  x.  The  number  of  such  solutions  will  be  equal  to 
the  degree  of  the  equation  fn  (to)  = 0,  but  their  respective  first 
exponents  will  be  its  roots  severally  diminished  by  «. 

For  the  extension  of  the  above  theory  to  the  case  in  which 
the  given  differential  equation  has  a second  member  X,  the 
reader  is  referred  to  the  original  memoir. 


Theory  of  Series. 

11.  The  relations  which  enable  us  to  express  the  integrals 
of  differential  equations  in  series,  enable  us  also  to  reduce  the 
summation  of  series  to  the  solution  of  differential  equations. 
Thus,  from  Proposition  4,  it  appears  that  if  u = %unxm,  where 
the  law  of  formation  of  the  successive  coefficients,  is 

fo  («*)  +f.  ("»)  «»_!  •••/.  (™)  u^n  = 0 (23), 

the  value  of  u will  be  obtained  by  the  solution  of  the  differ- 
ential equation, 

f (D)  u +f  (D)  ...  +fH  (D)  e^u  = 0 (24). 

We  suppose  here^  («i)>  f (»»)... fK (to),  &c.  to  be  polynomials, 
and  that  the  series  is  complete;  i. e.  contains  ail  the  terms 
which  can  be  formed  in  subjection  to  its  law  expressed  by 
(23),  the  first  exponent  being  therefore  a root  of  fQ  (to)  = 0. 
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When  the  series  is  incomplete,  the  first  member  of  the  differ- 
ential equation  will  be  the  same  as  for  the  complete  series, 
while  the  second  member  will  be  formed  by  substituting  in 
the  first  member,  in  the  place  of  u,  the  series  which  it  represents. 
It  is  obvious  that  all  the  terms  will  disappear,  except  a few 
derived  from  that  end  of  the  series  where  the  defect  of  com- 
pleteness exists,  so  that  the  second  member  of  the  differential 
equation  will  be  finite. 


Ex.  17.  Let 


u — 1 — 


1.2  1.2 .3.4 


x*  — 


n*  (n1  — 2*)  (n*  — 4*) 

1.2. 3. 4. 5. 6 


xe,  &c. 


Here  u = Xumxm,  with  the  relation, 


Or, 


— (m  — 2)* 
Um  to  (to  — 1) 


to  (to  — 1)  um  - {(to  - 2)s  - wsj  Wm_3  = 0, 

and  we  observe  that  the  series  is  complete,  the  first  index  0 
being  a root  of  to  (to  — 1)  = 0. 


Hence,  the  differential  equation  will  be 

D {D  - 1)  u - {{D  - 2)*  - «*)  e*u  = 0, 
of  which  the  solution,  expressed  in  terms  of  x,  is 
u = ct  cos  (n  sin-1  x)  -f  ca  sin  (»  sin-1  x). 

The  constants  must  be  determined  by  comparison  with  the 
original  series.  We  thus  find  c,  = 1,  c2  = 0. 

The  following  is  a species  of  application  which  is  of  frequent 
use  in  the  theory  of  probabilities. 


Ex.  18. 

pa  (1  + aq  + 12 


The  sene3 
a ( a 


!)  jt  , o (a  + 1)  ...  (a  + J — 1)  ^ 

~ » "*+  T^Tb 
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occurs  as  the  expression  of  the  probability  that  an  event 
whose  probability  of  occurrence  in  a single  trial  isjp,  and  of 
failure  q,  will  occur  at  least  a times  in  a + b trials. 

Representing  the  series  within  the  brackets  by  u,  and 
assuming  q = e®,  we  have  u = 2umem®,  where 

mum  — (m  + a — 1)  m„u1  = 0. 

Hence,  we  shall  have 

Du-{D  + a-  1)  6®u  = -a(a^1)-”-(a  + &)  e1™1®, 

1 • « •••  0 


or,  restoring  q, 
du  a 


u = 


a(a  + l)  ...  (a + 6)  y® 


dq  1 — q " 1 . 2 ...  b 

Integrating  which,  we  have 


u=(l-q)-{C- 


a (a-f  1)  ...  A) 
1 . 2 ...  b 


j 0 


Now  the  first  term  of  the  development  of  this  expression  in 
ascending  powers  of  q will  be  C ; whence,  comparing  with  the 
bracketed  series,  we  nave  C—  1.  Substituting,  and  observing 
that  p = l—q,  the  expression  for  the  probability  in  question 
becomes 


1-“j2r («)• 

To  this  we  may  however  give  a more  symmetrical  form. 
For 

/ V (1  - tiT  dq  = (J'1  - Q q>  (1  - qr'dq 
r(j+i)r(a) 

-T(«  + 6+l)  ** 

by  a known  theorem  of  definite  integration. 

Substituting  in  (a),  and  observing  that 

a (a  + 1)  ...  (a  + A)  r(a  + A + l) 

' 1.2...  A ~ r (A  + 1)  r (a)  * 

B.  D.  E.  28 
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we  find 

Probability  = r ^ r(i  + j) 

or,  as  it  may  be  otherwise  expressed, 

Probability  = (5). 

The  peculiar  advantage  of  this  form  of  expression  is  that, 
precisely  in  those  cases  in  which  the  series  becomes  unmanage- 
able from  the  largeness  of  a and  b,  the  integrals  admit,  as 
Laplace  has  shewn,  of  a rapid  approximation,  ( TMorie.  Ana- 
lytique  des  Probability). 

Ex.  19.  The  function  (1  - 2v  cos  w 4-  vr)~n  being  expanded 
in  a series  of  the  form  A0  + 2 (At  cos  a>  + At  con  2 co  ...  + &c.), 
it  is  required  to  determine  Ar. 

We  have 

(1  - 2v  cos  w + = i/eW<-«p  x {1  - 

Expanding  each  factor,  and  seeking  the  common  coefficient  of 
er*>v(-i)  and  g-ruvt-i)  in  the  product,  we  find,  putting  t = vi, 

Ar=thz 

where  generally, 

m (m  + r)  um  — (m  + n — 1)  (m  + n + r — 1)  Vt  = 0> 

, n(n  + l)  ...  (n  + r — 1) 

while  = 1 72T.Tr 

Hence  the  differential  equation  will  be, 

D (D  + r)  u - (D  + n - 1)  (Z>  + n + r-  1)  e9u  = 0, 


or, 


(D+n-1)  {D  + n + r- 1)  . 

“ 2>(D+Vj  e“~°- 

Now  this  can,  by  Prop.  3,  be  reduced  to  the  form, 
v — etv=  V, 
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by  the  relations, 

u = (D  + n-  1)  ...  (Z?  + 1)  (D  + n + r — 1)  ...  ( D + r+l)v , 

V = {( D + n — 1)  ...  (2?  + 1)  (D  +»  + r—  1) ...  (H+r  + l)}”1  XJ. 

In  determining  V from  the  latter  equation,  it  suffices  to  in- 
troduce two  arbitrary  constants,  one  from  each  of  the  two  sets 
of  inverse  operations.  The  final  solution,  in  the  obtaining  of 
which  the  only  difficulty  consists  in  the  reductions,  is 


12.  When,  in  the  series  'Eumxm,  the  coefficient  um  is  a ra- 
tional function  of  m invariable  in  form,  the  summation  is  most 
readily  effected  in  the  following  manner. 

Let  the  series  be  2$  (to)  zm;  then  putting  x = e9, 
u = $4>  (to)  em9=£c£  (/))«"• 

= cf>(n)%eme (25). 

Hence,  if  the  summation  is  from  m — 0 to  to  = infinity, 
we  have 

1 


but  if  the  summation  is  from  m — a to  m = b inclusive, 

e«*  _ gC*1)9 


u — <f>  (Z>) 


1 — e9 


Ex.  20.  Let  u = 


4xs 


+ 


&X1 


6x*  , 

+ » . ,+&c. 


.'.  u — 


Here  <f>  (to)  = 

D+l 

D(D  — 1)  (D  — 2) 


1.2.3  2.3.4  3.4.5 

TO  + 1 


TO  (TO  — 1)  (TO  — 2)  * 

(«“  + e‘*  + &e.) 


X>"  - 2 (Z*  - 1)-  + 1 (Z)  - 2)- 


1 -e* 


28—2 
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The  final  result  is 


|-(i-2x  + fx*)l°g(1-x). 


Generalization  of  the  foregoing  theory. 


13.  As  Propositions  (1),  (2),  (3)  are  founded  solely  on  the 
particular  law  of  combination  of  the  symbols  D and  e®,  ex- 
pressed by  the  equation 

f{D)em0u  = em9f(D  + m)  «, 

they  remain  true  for  any  symbols  tt  and  p,  whatever  their 
interpretation,  which  combine  according  to  the  same  formal 
law;  viz. 

/(tt)  pmu  = pmf(i jt  + m)u (26). 


Thus,  supposing  the  law  obeyed,  the  symbolical  equation, 

u + <f>  (tt)  pnu  = U (27), 

can,  by  Prop.  3 considered  in  its  purely  formal  character,  be 
transformed  into 


v + {tt)  pn  v = V. 


(28), 


by  the  assumption, 


—P.tM”,  P.  V. 


f(v) 


yJr(Tr) 


The  corresponding  transformations  flowing  from  Proposi- 
tions (l)  and  (2),  it  is  unnecessary  to  state. 


Now  the  law  (26)  is  obeyed,  not  alone  by  the  pure  symbols 
D and  e®,  but  by  certain  combinations  of  those  symbols.  Thus, 
if  we  assume 


7r=  D — n<f>  ( D ) e»,  p = <f>  [D)  e® (29), 

the  law  will  still  be  obeyed.  And  the  importance  of  the 
remark  consists  in  this,  that  an  equation  which,  when  ex- 
pressed by  means  of  the  symbols  D and  e®,  is  not  a binomial, 
may  assume  the  binomial  form  for  some  other  determination 
of  tt  and  p. 
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If  in  (26),  we  make  m — \,  we  have^w)  pu  = pf( w 4-  1)  u, 
which  shews  that  p may  be  transferred  from  the  right  to  the 
left  of  f(v),  if  we,  so  to  speak,  add  to  w the  constant  incre- 
ment 1.  This  then  suggests  the  more  general  law, 

/(tt)  pu  = pf{ w + Aw)  u (29), 

where  Aw  represents  any  constant  quantity  regarded  as  an 
increment  of  w.  In  connexion  with  this  theory,  the  following 
proposition  is  important. 

Prop.  Supposing  f(x)  to  represent  a function  which  admits 
of  expansion  in  ascending  positive  and  integral  powers  of  x, 
it  is  required  to  develope  f (w  + p)  in  ascending  powers  of  p, 
w and  p being  symbols  which  combine  in  subjection  to  the 
law  (29). 

By  successive  applications  of  (29)  we  have,  m being  a 
positive  integer, 

/(w)  pmu  = pm/(w  + wAw)  u (30), 

of  which  another  form  is  pmf  (w)  u =/(w  — mAw)  pmu.  Again, 
since /(w  + p)  is,  by  hypothesis,  expressible  in  a series  of  the 
form 

A0  + At  (w  + p)  + At  (w  + p)*  + &c. 
we  shall  have 

('"•  + P ) f{*  + p)  -/(*■  + />)(«■  + p) (31), 

for  either  member  becomes,  on  substituting  for  /(w  + p)  the 
above  form, 

Aq  (ir  + p)  + At  (w  + p)*  + &c. 

Now,  let  the  form  of  the  unknown  and  sought  expansion 
of/(w  + p)  in  ascending  powers  of  p,  be 

/(w  + p)  =/0  (w)  +f  (w)  p +f  (w)  ps+  &c (32), 

= W Pm> 

the  subject  u being  understood  though  not  expressed. 

Then,  by  (31), 

(w  + p)  tf„  (w)  pm=  tfm  (w)  pM  (w  + p). 
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But 

(ir + p)  if.  w p- = w.  M p* + ipf.  w p- 

- S*/.  w P- + if.  (t  - A*)  p"\ 
in  which  the  coefficient  of  pm  is 

7r/»  W +/m-i  (w  - Att)  (33). 

Again, 

2/-  W /»"  (»+#»)-  V-  W p"^  + s/m  W pm+1 

= S/«  W (*■  - p“  + tfm  (tt)  p"+I, 
in  which  the  aggregate  coefficient  of  pm  is 
/»  W (tt  - TO  Att)  (tt). 

Equating  this  with  (33),  we  have 
w/„ (tt)  +/m_,  (tt - Aw)  = (w-  toAw)/m  (tt)  +/*_,  (tt), 

whence 

^ /x  _ 1 /m-i  (w)  -.4-1  - toAtt) 

' m Aw 


1 A/m-,  (*) 

TO  Aw 


(34), 


if  we  define  A /(w),  not,  as  is  usual,  by /(w  + Aw)  — /(w),  but 
by/(w)  -/(w- Aw).  The  above  equation  determines  the 
law  of  derivation  of  the  coefficients (w),yj(w),  &c.  It  only 
remains  to  determine^  (w). 

That  f0  (w)  =/(w)  may  be  shewn  by  induction  from  the 
particular  cases  in  which 

/(w  + p)  = w + p,  (w  + p)\  &c. 
or,  with  more  formal  propriety,  thus  : 

Let  px  = np,  where  n is  a constant, 

/ W Pi  -/M  nP  = P 
= npf  (w  — Aw) 

= Pi/(''r-  Aw). 
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Comparing  the  first  and  last  members,  we  see  that  it  and  p, 
combine  according  to  the  same  law  as  ir  and  p. 

Thus,  we  have. 


/( 7T  + p,)  =/0  (tt)  +/,  (t r)  Pl  +/2  (7 r)  p*  + &c. 
fo  (7r),  f (7r)>  being  the  same  as  in  (32). 

Or, 

/(tt  4-  np ) =/0  (tt)  +/,  (tt)  tip  +/,  (tt)  np*  + &c.; 
so  that,  making  n = 0,  we  have  (7r)  =/’( 7r). 

Determining  then  the  successive  coefficients  by  (34),  we 
have  finally, 


/(tt  + p)  =/(tt)  4-  P + T-o  TX^r  A 


1 Ayw 

1.2  (Att)3 


+ 


A8/(7T) 


1.2.3  (Att)3 
wherein  it  is  to  be  remembered,  that 


p3  + & c. 


A/(tt)  _ /(tt)  ~/(tt  - Att) 
Att  Att 


(35), 


When  A7t  = 0,  the  symbols  v and  p become  commutative, 
and  (35)  assumes  the  form  of  Taylor’s  theorem. 

As  a particular  application  of  the  above,  suppose  that  we 
have  given  the  trinomial  equation 

(D*  + aD  + b)  u 4-  ( cD  4-  e)  4 ■fe!9u  = 0 (a), 

and  that  we  desire  to  ascertain  whether  this  can  be  trans- 
formed into  a binomial  equation  by  assuming 

tt  — D—  me®,  p = e®, 

assumptions  which  satisfy  the  law 

f [ir)  P — pf  (tt  4- 1). 

Here  we  have  D = tt  + mp, 

whence  f{D)  =/( tt)  4-  mP  + \ mV  + &c-» 
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where  Air  = 1,  and 

Hence  I?  + aD  + b = t?  + air  + b + (27 r — 1 + a)  mp  4-  m'p*, 
cD  + e = err  + e + cmp. 

Thus  (a)  becomes 

{7r*  + aw  + b + (27 r — 1 + a)  mp  + mip1}  u 
+ (c7r  +e  + cmp ) pu  +fp*u  = 0, 

or  7r*+a7r+£>+{(2wi+c)7r+m(a— l)+e}  p+(m*+cm+f)  p*=  0, 

and  this  reduces  to  a binomial  equation,  1st,  if  m be  a root  of 
the  quadratic  equation 

to*  + cm  +f=  0 ; 

2ndly,  if  it  be  possible  to  satisfy  simultaneously  the  equations 
2m  + c = 0)  vi  (a  — l)  + e = 0, 
equations  which  imply  the  condition 

2e  — c (a  — 1)  = 0. 

The  discussion  of  the  binomial  equation  when  obtained  in- 
volves no  difficulty. 

For  a discussion  of  the  general  trinomial  equation  of  the 
second  degree,  the  reader  is  referred  to  the  original  Memoir. 

Laplace's  transformation  of  partial  differential  equations. 

14.  Laplace  has  developed  a method  for  the  reduction  of 
the  partial  differential  equation 

Br  + Ss+Tt  + Pp  + Qq  + Bz*=  U. (36), 

B,  S,  T,  ...U  being  functions  of  x and  y,  which  is  deserving 
of  attention  from  its  great  generality. 

One  of  the  auxiliary  equations  in  Monge’s  method  is 

Bdff  — Sdxdy  + Tdst?  — 0. 
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Let  two  integrals  of  this  equation  be 

<f>  ( x , y)=c,  yfr  ( x , y)  = c, 

and  assume  two  new  variables,  f and  17,  connected  with  x and 
y by  the  equations 

£=<f>(x,y),  V = ir(x,y). 

The  student  will  have  no  difficulty  in  proving  that  the  given 
equation  will  assume  the  form 

d z y dz  _ r dz  .T  T_  . . 

^-+L^+M-  + Nz  = V. (37), 

L,  M,  N,  V being  functions  of  f and  17.  The  theory  of  the 
reduction  of  this  equation  is  then  contained  in  the  following 
propositions : 

1st,  The  equation  (37)  may  be  presented  in  the  form 

(4+if)  {tSL)‘+{N-LM-%)‘-V-( 38). 

Hence,  if  the  condition 

N-LM-*^  = 0 (39) 

d_ 

drj 

(|+4'-k 

The  solution  of  the  given  equation  is  then  dependent  on  that 
of  two  partial  differential  equations  of  the  first  order. 

2ndly,  Inverting  the  order  of  the  symbolic  factors,  the 
equation  is  also  solvable  if  we  have 

= 0 (40). 

3rdly,  The  equation  (37)  can  be  transformed  into  a series 
of  other  equations  of  the  same  form,  and  therefore  integrated, 
if,  for  any  of  those  equations,  the  condition  (39)  or  (40)  is 
satisfied. 


be  satisfied,  and  we  assume  ^ 


+ z = z, 


we  shall  have 
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For,  expressing  it  in  the  form  (38),  let,  as  before, 




.(41). 


Then 

whence  z = 

which  is  of  the  form 


M Mz‘+V 

__«£ 

N-LM-  — ’ 


z = A~  + Bz'+C, 


A,  B,  C being  functions  of  f and  rj.  Substituting  this  ex 
pression  for  z in  (41),  we  have  a result  of  the  form 


j/V 

d£dv  + 


L' 


dA  dd 

% + M'~  + N'z'=V' 

a£  drj 


(42). 


Thus  the  from  (37)  is  reproduced,  but  with  changed  coeffi- 
cients. Hence  the  equation  is  integrable  if  either  of  the  fol- 
lowing conditions  is  satisfied,  viz. 

N'-L'M'-~j'  = 0,  N'-L'M'-^-  = 0 (43). 

af  dr)  v 

If  neither  be  satisfied,  the  process  of  transformation  may  be 
indefinitely  repeated,  and  should  an  equation  be  obtained  in 
which  either  of  the  relations  (43)  is  satisfied,  the  solution  may 
be  found.  It  has  indeed  been  asserted  that  “ if  the  given 
equation  be  integrable,  we  shall  finally  get  an  equation  in 
which  this  essential  condition  is  satisfied”  (Peacock’s  Exam- 
ples, p.  464).  The  state  of  our  knowledge  of  the  conditions  of 
finite  integration  does  not  however  warrant  this  confidence. 

A discussion  of  the  equation 


d*z  , d*z 
a dx%  ^ dxdy 


dz  .dz 

d?z  ° dx  J dy  , 

C dy * hx  + ky  ( hx+ky ) 


9Z 


2 — ....  (d) 
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•by  Laplace’s  method  is  given  in  Lacroix  (Tom.  II.  pp.  611 — • 
614),  but  it  is  far  too  long  and  too  complex  to  find  a place 
here.  The  best  mode  of  treating  the  equation  is  probably  the 
following.  Let  s and  t be  two  new  variables  connected  with 
x and  y by  the  linear  relations 

hx  + ky  = s,  y + mx  = t, 

of  which  one  is  suggested  by  the  form  of  the  given  equation, 
while  the  other  is  adopted  in  order  to  put  us  in  possession  of 
a disposable  constant  m.  Transforming,  and  making  in  the 
result  s — e9,  we  obtain  the  symbolical  equation 

{AD(D-l)+ED+g}z+ | [B{D-\)+Fyz+C^z=^M.  ..(b), 

in  which 

A = ah * + bhk  + ck*,  B = 2 ahm  + b {h  + km)  + 2 ck, 

C = am * + bm  + c,  E=  eh  +fk,  F=  em  + f 

The  equation  will  be  a binomial  one,  if  m be  determined  so  as 
to  make  (7=0.  We  have  then 


am*  + bm  + c = 0, 


while  the  symbolical  equation  ( b ) becomes 

*+3i  AD^IeD^- [ADW-D+ED+gri-M, 

and  is  integrable  if  the  following  condition  is  satisfied,  viz. 


F-B _ A -E±J{{A  -EY-lg] 


B 


2A 


= an  integer  or  0. 


This  condition  will  be  found  to  include  the  one  to  which 
Laplace’s  method  leads. 

At  the  same  time  it  is  seen  that  the  equation  (b)  assumes 
the  binomial  form  under  other  conditions  than  the  above ; e.  g. 
if  we  have  simultaneously 

B=  0,  F=0, 

from  which,  by  elimination  of  m,  we  find 

f(2ah  + bk)—e{bh  + 2ck)  = 0. 
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This  condition  being  satisfied,  and  m determined,  the  sym- 
bolical equation  becomes 

‘+4  AD0-})+SDii*-  < AD^ - *>  +*P*P*-* 

and  is  integrable  if  the  two  roots  of  the  equation 
Am  (m  — 1)  + Em  +g  = 0 

differ  by  an  odd  integer.  There  are  probably  other  cases  de- 
pendent on  the  reduction  of  Art.  (13). 

In  one  respect  Laplace’s  transformation  possesses  a gene- 
rality superior  to  that  of  all  others.  For  its  tentative  applica- 
tion fewer  restrictions  on  the  coefficients  of  the  given  equation 
are  necessary.  But,  that  the  application  may  succeed,  other 
conditions  seem  to  be  demanded  which  render  the  estimation 
of  the  true  measure  of  its  generality  difficult.  And,  in  parti- 
cular instances,  it  is  seen  that  it  is  less  general  than  the 
method  of  the  foregoing  sections. 

Miscellaneous  Notices. 

15.  Of  special  additions  to  the  theory  of  the  solution  of 
differential  equations  by  symbolical  methods,  the  following 
may  be  noticed. 

1st,  Professor  Donkin  has  shewn  that,  if  f{x)  be  any 
function  capable  of  development  in  powers  of  x,  then  whatever 
may  be  the  interpretations  of  the  symbols  tr  and  p,  we  have 

f{p~'irp)  u = p_1/(7r)  pu (44). 

This  is  evident  from  the  consideration  of  such  cases  as  the 
following : 

(/TVp)*  = p~1irpp~*irp  = p~ln*p, 
(p-vpr=p-v-(p-r=p-v> 

We  are  thus  enabled  to  generalize  many  important  theorems. 

d 

= we  have 

/{s + *’  w}  “ - o** («>. 

( Cambridge  Mathematical  Journal , 2nd  Series,  Yol.  V.  p.  10.) 


( d 

Thus,  since  + $ (*) 
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2ndly,  Mr  Hargreave,  observing  that  the  symbols  and 
— x are  connected  by  the  same  laws  as  x and  , (the  proof  of 


this  will  afford  an  exercise  for  the  student),  has  remarked  that 
al  equation  and  its  symbolic  solution  we 

and  into  — x,  we  shall  obtain  another 
ax 

form  accompanied  by  its  symbolic  solution.  ( Philosophical 
Transactions  for  1848,  Part  I.) 

Applying  this  law  of  duality  to  the  known  solution  of  the 
linear  differential  equation  of  the  first  order,  it  is  easy  to  shew 
that  the  equation 

x(f>  ( D ) u + yjr  (D)  u = X 


if  in  any  different 
change  x into  ^ , 


has  for  its  symbolic  solution, 


(«), 


where  x(Z>)=/^^^A 

a form  which  had  before  been  established  on  other  grounds, 
{Philosophical  Magazine , Feb.  1847).  Many  other  illustrations 
of  the  same  law  will  be  found  in  the  memoir  of  Mr  Hargreave 
referred  to. 


3rdly,  The  method  by  which  the  development  of/(7r  + p)  is 
obtained  in  Art.  13,  leads  to  other  and  similar  results,  of  which 
the  following  is  among  the  most  interesting,  viz. 


/(•+s)  - PW+^W  s+o*”  w <«>• 


the  coefficients  of  the  expansion  in  the  second  member  follow- 
ing the  law  of  Taylor’s  theorem,  and  the  function  F{x)  being 

equal  to  e Kd*J  f{x).  ( Cambridge  Mathematical  Journal,  1st 

Series,  Vol.  iv.  p.  214.) 

The  last  theorem  enables  us  to  integrate  at  once  any  equa- 
tion of  the  form, 


^).+Fw|+r(«)J+&.x 
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where  F( x)  is  a rational  and  integral  function  of  x.  For  let 

/(*)  _.•**«_(!-»  \ .)F(X), 

an  expression  always  finite  under  the  conditions  supposed. 
Then  the  given  equation  assumes  the  form 

/(tt)  u = X, 

where  ir  = x 4-  ^ , and  may  be  treated  by  the  method  of  the 
last  section. 

Other  examples  of  the  expansion  of  functions  whose  symbols 
are  non-commutative — some  of  them  admitting  of  a similar 
application — will  be  found  in  the  memoir  of  Professor  Donkin 
above  referred  to,  and  in  an  interesting  memoir  by  Mr  Bron- 
win,  {Cambridge  Mathematical  Journal,  Vol.  III.  p.  36). 

4thly,  Many  important  partial  differential  equations  of  the 
second  order  admit  of  reduction  to  the  form 

du  dv  du  dv 
dx  dy  dy  dx  ’ 

whence  an  integral  u—f(v ) may  be  deduced.  Thus  the 
equation 

{d$djr_dt  df\  _d±r_(Q  + d^\  dty 

\dp  dq  dq  dp)'  ' dp  dp)  dq  ’ 

where  <f>  and  yfr  represent  any  given  functions  ofp  and  q,  may 
be  expressed  in  the  form 

d(<f>  — x)  d (yfr  — y)  _ d(<f>-x)  d (■f-y)  = Q _ 
dx  dy  dy  dx  ’ 

whence  <f>  — x — F (yjr  — y)  is  a first  integral.  Mainardi  has 
shewn  that  nearly  all  the  equations  which  occur  in  Monge’s 
Application  de  V Analyse  h la  GSomStrie,  admit  either  of  the 
above  reduction,  or  of  a purely  symbolical  mode  of  solution. 

( Tortolini , Yol.  V.  p.  161). 

5thly,  The  Author  is  indebted  to  Mr  Spottiswoode  of  Oxford 
for  an  interesting  communication  on  the  laws  of  combination 
of  symbols  which  are  at  the  same  time  linear  with  respect 
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to  ^ &c.  and  linear  with  respect  to  x,  y,  &c.  The 
following  is  one  of  the  results.  If,  assuming 


d d 
n T.  = z — + y 


d d 

■*-=*di+xx-’ 


dx  ' a dy'  " a ^dx'^dy 
a partial  differential  equation  can  be  presented  in  the  form 
/K,  7rJ  u = 0 


on  the  assumption  that  ~ and  -j-  operate  only  on  the  subject  u, 


then  it  can  be  expressed  in  the  form  F(ir1 , 7 rs)  u = 0,  indepen- 
dently of  such  restrictive  hypothesis.  It  might  be  added,  that 
all  such  equations  are  reducible  to  equations  with  constant 
coefficients,  by  assuming 

log  (z5 +/)*=*',  log  =y. 


To  the  above  might  be  added  many  other  special  deductions, 
isolated  now,  but  destined  perhaps,  at  some  future  time,  to  be 
embraced  in  the  unity  of  a larger  theory. 


EXERCISES. 


du 
dx 

2.  Integrate  (x1  — x*)  — (x  + 3 «*)  — ^ + (1  — x)  u — 0. 

3.  Riccati’s  equation  is  reducible  to  the  form 

+ lcxmw  = 0. 


—(fxiu  = 0. 


cPu 


J.  Integrate  af-^j  + ix 


Hence  investigate  the  conditions  of  integrability. 

be  (m.4'210 

The  symbolical  form  is  to  + jj  -jp  - ^ «'  to  = 0 ; and  this  may  either  be 

reduced  directly  by  Prop.  3 to  a form  integrable  by  Prop.  1,  or,  by  assuming 
(m  +3)  0 = 20',  converted  into  a particular  case  of  Ex.  8 in  the  Chapter. 
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4.  The  equation  ^ + ^ ^ + &u  = 0 is  integrable  in  finite 
terms  if  a is  an  even  number. 

5.  The  equation  ^ +^"  ^ = bxmu  is  integrable  in  finite 

• 4 (i  4*  t*)  # • « . 

terms  if  m = ■ . ~ - , where  i is  a positive  whole  number 

it  ± 1 r 

or  0. 

6.  The  more  general  equation 

d*u  r du  /,  m c\ 

which  includes  the  above,  is  integrable  in  finite  terms  if 


m + 2 


2 \/{(l  -r)a  + 4c} 
2»+  1 


i being  a positive  whole  number  or  0.  (Malmsten,  Cambridge 
Mathematical  Journal,  2nd  Series,  Yol.  v.  p.  180).  Verify  this. 

7.  As  an  illustration  of  the  theory  of  disappearing  factors, 
integrate  the  equation 

(*>+}*■)  ^ + ((a  + 3)  ^ + (6 -f+  1)  *)  d£ 

+ {(a  + 1)  qx  — bt\  u = 0. 

8.  The  equation  (1  — aa?)  — bx~^  — cy  = 0,  is  inte- 
grable in  finite  terms  in  the  following  three  cases ; viz. 

1st,  If  ^ is  an  odd  integer ; 

2ndly,  If  ~~~j  + ~^j  is  an  odd  integer; 

Srdly,  If  \ +V/{(1 " :)  + **}  ’ °r  \ ~ \Z{(*  - s)  +4c. 

is  an  even  integer. 
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9.  Integrate  the  partial  differential  equation, 

dPz  d*z  2 dz 

dad  dy%  x dx 


10.  The  partial  differential  equation, 
ddz  , a,  dlz 

3y  = 0' 


is  integrahle  in  finite  terms  if  b = — : — - 

2t  + 1 

Lacroix , Tom.  II.  p.  618.)  Verify  this. 


( Legendre . See 


11.  Shew  that  the  sum  of  the  series  1 . 2 ...  nx  + 2 . 3 ... 
(n  + 1)  ad ...  +p  (p  + 1) ...  (p  + n — 1)  x?  may  be  expressed  in 
the  form 


(d\K  xn  — xT+n 
X \dx)  1 — x 


12.  Sum  the  series 


2V  3”a: 

1 . 2 + 1 . 2 . 3 + 


13.  The  equation  (a  + lx)  -f  {f+  goc)  + ngu  = 0, 
is  integrahle  in  finite  terms  if  n is  an  integer. 

Apply  the  method  of  Art.  13  to  reduce  the  symbolical  equation  to  a binomial 
form.  Or  assume  a + ba  = t. 


14.  The  differential  equation, 


ddu 
da f 


_ du 

+2Cs  + 


+ P±<? 

ax 


m (m  + 1) 
ad 


f “ = °> 


can  be  integrated  in  finite  terms,  whatever  function  of  x is 
represented  by  Q.  (Curtis,  Canibridqe  Mathematical  Journal, 
Vol.  IX.  p.  280). 

B.  D.  E.  29 
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The  equation  may  be  expressed  in  the  form 

d 


(£♦•)■ 


1 . m (m  + 1) 

±c*ti — r — « = 0, 


Let  e^1®4*  u = v ; then  compare  the  resulting  form  with  Ex.  8 of  the  Chapter. 


15.  Shew  generally  that,  if  we  can  integrate  the  equation 
d' 


f{£)u+<f>{x)u=x’ 

we  can  integrate + Qj  u + <f>  {x)u  = X. 


16.  We  meet  the  equation 

(Fy  1—3  F dy  1 _ n 


in  the  theory  of  the  elliptic  functions,  (Legendre’s  modular 
equation).  Shew  that  it  is  not  integrable  in  finite  terms,  but 
is  integrable  in  the  form  y = A + B log  c,  where  A and  B are 
series  expressed  in  ascending  even  powers  of  c. 


17.  Prove  the  following  generalization  of  Prop.  3, 


F{<f>(D)e'*}=Pr 


OP) 

1r(D) 


F{ir(D)d6}Pr 


ir(D) 


18.  Prove  the  following  still  more  general  theorem, 

F{D,  4 m S) =r,*WF{D,  + (B)  S]  P.  . 
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CHAPTER  XVIII. 

SOLUTION  OF  LINEAR  DIFFERENTIAL  EQUATIONS  BY 
DEFINITE  INTEGRALS. 

1.  The  solution  of  linear  differential  equations  by  definite 
integrals  was  first  made  a direct  object  of  inquii-y  by  Euler. 
His  method  consisted  in  assuming  the  form  of  the  definite 
integral,  and  then,  from  its  properties,  determining  the  class 
of  equations  whose  solution  it  was  fitted  to  express.  Laplace 
first  devised  a method  of  ascending  from  the  differential  equa- 
tion to  the  definite  integral.  And  Laplace’s  is  still  the  most 
general  method  of  procedure  known.  Its  application  is  how- 
ever not  wholly  free  from  difficulties,  due  partly  to  the  present 
imperfection  of  the  theory  of  definite  integrals,  partly  to  an 
occasional  failure  of  correspondence  in  the  conditions  upon 
which  continuity  of  form  in  the  differential  equation  and  con- 
tinuity of  form  in  its  solution  depend.  Indeed  it  ought  never 
to  be  employed  without  some  means  of  testing  the  result 
a posteriori,  e.  g.  by  comparison  with  the  solution  of  the  pro- 
posed differential  equation  in  series.  Frequently  indeed  it  is 
possible  to  deduce  the  solution  in  definite  integrals  from  the 
solution  in  series  -without  employing  Laplace’s  method 
at  all. 

Laplace’s  method  is  applied  with  peculiar  advantage  to 
equations  in  the  coefficients  of  which  x enters  only  in  the  first 
degree,  and  of  which  the  second  member  is  0.  Expressing 
any  such  equation  in  the  form, 

#(s)“++(s)“=° (»■ 

we  must  assume 

u = jv*  Tdt, 

T being  a function  of  t,  the  form  of  which,  together  with  the 
limits  of  integration,  must  be  determined  by  substituting  the 

29—2 
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expression  for  u in  the  proposed  differential  equation.  Effect- 
ing this  substitution,  we  have  a result  which  may  be  thus 
expressed, 

or,  since 

♦ CS'WM* 

fx€a(j}  (i t ) Tdt  +fex,yfr  {t)Tdt  = 0 (2). 

Of  this  however,  the  first  term  is,  by  integration  by  parts, 
reducible  to  the  form 

Thus,  (2)  assumes  the  form 

(t)  T-fe “ <\>  (0  T- ir  (, i ) Tjdt  = 0 (3), 

and  will  therefore  be  satisfied,  if  we  make 


<r<t>(t)T=  0, 


The  former  of  these  equations  has  reference  only  to  the 
limits ; the  latter,  expressed  in  the  form 

gives  on  integration, 

riMdt 

<f>(t)T=Cel*'*>  , 
and  determines  T in  the  form, 
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Thus,  we  have 


u = cj 


dt 


<f>  (0 


(4), 


the  limits  of  integration  being  determined  by  the  equation 


e**J  = 0 (5). 

Should  this  equation  have  n distinct  roots,  these  may 
evidently  be  so  disposed  as  to  give  n — 1 distinct  particular 
integrals. 

Such  is  the  general  statement  of  Laplace’s  method.  Applied 
to  an  equation  in  the  coefficients  of  which  the  highest  power 
of  x involved  is  the  nth,  it  would  make  the  determination  of 
T depend  on  the  solution  of  a differential  equation  of  the 
order.  Other  practical  limitations  may  be  noted.  For  in- 
stance, the  method  is  only  directly  applicable  to  the  expression 
of  integrals  which  produce  on  development  series  of  a certain 
form.  Thus,  if  we  develope  the  exponential  in  the  assumed 
expression  for  u,  we  have 

a? 

u = JTdt  + x JTtdt  + — - JTfdt  + &c. 

1 * A 

an  expansion  in  which  positive  and  integral  powers  of  x alone 
present  themselves.  Integrals  of  different  forms  may,  however, 
by  preparation  of  the  differential  equation,  be  brought  under 
the  dominion  of  the  method.  These  and  other  points  we  pro- 
pose to  illustrate  by  the  detailed  examination  of  a special  but 
very  important  example,  particular  forms  of  which  are  of  very 
frequent  occurrence  in  physical  inquiries.  We  shall  first,  in 
accordance  with  what  has  above  been  said,  determine  the 
different  kinds  of  solution  in  series  of  which  the  equation 
admits.  This  part  of  the  investigation  is  intended  to  be 
supplementary  to  Art.  9 of  the  last  Chapter. 


„ ~ . cFu  du  , 

Lx.  Liven  x -f  a ^ — q xu  = 0. 
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Solutions  expressed  in  Series. 

2.  The  symbolical  form  of  the  above  equation  is 


u — 


D (D  + a — 1) 


e™u  = 0 


(6). 


Hence,  if  an  integral  be  expressible  in  the  form  %umxm, 
the  law  of  formation  of  the  coefficients  um  will  be 


«»  = - 


(7), 


m(m  + a — 1) 

while  the  lowest  value  of  m will  be  0,  or  1 — a.  Thus,  except 
in  a particular  case  to  be  noticed  hereafter,  the  complete  in- 
tegral will  be 


u = A{  1 + - 


qx 


q x 


+ &C.J 


2 ( cl  + 1 ) 2.4  (ci  + 1)  (cl  + 3) 

+ Bx'-°  {1  + 27^— j + 274(3— a)  (5— «)  + &<^ 


The  two  series  in  the  general  value  of  u are  evidently  con- 
vergent for  all  values  of  x.  As  this  question  of  the  conver- 
gency  of  series  is  sometimes  important  in  connexion  with  the 
solution  of  differential  equations,  the  reader  is  reminded  that 
according  as,  in  the  series  of  terms  or  groups  of  terms 

uo  + ui  + + &c-> 

XI 

the  ratio  — — tends,  when  n is  indefinitely  increased,  to  a 

limit  less  or  greater  than  unity,  the  series  is  convergent  or 
divergent ; but  that,  when  the  ratio  tends  to  unity,  we  must 
apply  a system  of  criteria  developed  by  Professor  He  Morgan, 
{Differential  and  Integral  Calculus,  p.  325*). 


• That  this  system  virtually  includes  previous  special  results  has  been  proved 
by  Bertrand  ( Liouville , Toro.  vn.  p.  35) ; that  it  is  a legitimate  development  of 
the  fundamental  principles  of  Cauchy  has  been  established  by  Pancker  ( Crelle , 
Sand.  xmi.  p.  138). 


Digitized  by  Google 


SOLUTIONS  EXPRESSED  BY  SERIES.  455 

When  a is  an  odd  integer,  the  general  integral  will  involve 
a logarithm.  In  particular  if  a=  1,  we  shall  have 

u=a0  + ajX2  + atx*  + &c.  + log  x [b0  + b jd  + btx*  + &c.)  ...  (9), 

a0  and  b0  being  arbitrary  constants,  and  the  succeeding  coeffi- 
cients determined  by 

Wa„  + 2 mbM  - fa nl_3  = 0,  m'bm  - fb = 0 (10). 

The  symbolical  equation  (6),  indicates  by  its  form  that 
there  are  no  solutions  expressible  in  descending  powers  of  x, 
and  infinite  in  one  direction  only — i.  e.  beginning  with  some 
finite  exponent,  and  presenting  a series  of  exponents  thence 
descending.  But  the  equation  may  be  transformed  so  as  to 
admit  of  a solution  of  this  kind.  For,  assuming  w=  e~qxv, 
we  shall  have 


d'v  , „ . dv 

and  of  this  the  symbolical  form  will  be  found  to  be 

a 


D (D  + a — 1)  v — 2q  {D  + - — 1)  e9v  — 0 

A 


(ii); 


whence,  if  v be  developed  in  a series  of  the  form  %vmxm,  the 
law  of  derivation  of  the  coefficients  will  be 


m (m  + a — 


1)  vm-2q  {m  +~-  1)  = 0. 


It  follows  from  this  that  there  will  be  two  ascending  and 
convergent  series  for  v,  and  one  descending  and  divergent 
series.  The  law  of  the  latter  series  is  by  changing  m into 
m+  1,  more  conveniently  expressed  in  the  form, 


(m  + 1)  [m  + a) 

22(m  + |) 


um+ 1* 
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Hence,  the  first  exponent  will  he  — ^ , and  the  ultimate 

A 

value  of  u will  be 


I*  + l.2qx  + 1.2.4jy — +&c-j  <I2>- 


v.=Gf*x 


If  we  assume  u = e^v,  and  proceed  as  above,  we  shall  obtain 
for  v the  symbolical  equation, 


D (D  + a — I ) v + 2q  (D  + - — 1)  f?v  = 0 


(13), 


and  as  this  differs  from  the  previous  equation  for  v,  only  by  a 
change  of  sign  affecting  q,  we  at  once  deduce  a second  value 
of  u,  in  the  form 


u=Ee*x  x~ 2 


j 1.2  qx  1.2.4  qx * 


-&c.[ 


(14), 


the  terms  within  the  brackets  being  alternately  positive  and 
negative. 

Both  the  descending  series  arc  finite  when  a is  an  even 
integer,  and  though  for  all  other  values  of  a they  are  infinite 
and  ultimately  divergent,  yet  if  a;  be  large  they  begin  with 
being  convergent,  and  may  under  certain  circumstances  be 
employed  for  numerical  calculation. 

Thus,  we  have  obtained  two  solutions  expressed  in  ascend- 
ing series  always  convergent,  and  two  solutions  involving 
series  expressed  in  descending  powers  of  x,  and  ultimately 
divergent. 

As  concerns  the  convergent  series  for  v,  derivable  from  the 
transformed  equations  (11)  and  (13),  we  may  remark  that 
when  multiplied  by  the  developed  exponentials,  they  will  only 
reproduce  the  convergent  series  for  u already  obtained  in  (8). 

One  observation  yet  remains.  We  have  seen  that  each  of 
the  assumptions  u = eqzv  and  u=€~qxv,  transforms  the  proposed 
differential  equation  into  another  of  which  the  solution  in  a 
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descending  series  is  finite  when  the  given  equation  admits  of 
finite  integration.  This  species  of  transformation  is  frequently 
possible.  To  accomplish  it  we  must  assume  u = Qv,  the  form 
of  Q being  determined  by  the  solution  of  that  differential 
equation  upon  which,  by  Props.  2 and  3,  Chap,  xvil.,  the 
solution  of  the  proposed  equation,  when  possible  in  finite 
terms,  is  dependent. 


Solution  of  the  Equation  by  Definite  Integrals. 

3.  Comparing  the  proposed  equation, 

xd?+a^-qxu-° (15)’ 

with  the  general  form  (1),  we  have 


Hence, 

4>(t)  = f-  q\  y/r  ( t ) = at ; 

Substituting  these  values  in  (4),  we  have 

tt  = Cjen{e-qy~ldt ; (16), 

while  for  the  limits  of  integration,  (5)  gives 

— ?*)^=  0. 

Hence,  supposing  a positive,  and  confining  our  attention  for 

a 

the  present  to  the  factor  (f  — $*)a,  which  alone  determines  t in 
perfect  independence  of  x,  we  find  t = ± q.  Thus, 

u=  C[%a(<*-q*)a~ldt, 
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Assuming  then  t = q cos  0,  and  changing  the  sign  of  the 
arbitrary  constant, 

u = C r^xcose  {sinO^dd (17), 

* 0 

and  this,  as  its  form  suggests,  and  as  we  shall  hereafter  shew, 
is  an  expression  for  the  particular  integral  represented  by  the 
first  convergent  series  in  the  general  value  of  u,  given  in  (8). 


To  deduce  another  integral,  let  us  in  the  symbolical  equa- 
tion (6),  assume  u = e(1_n)  9v.  We  find 


v 


(D  + 1 - a)  D 


6^  = 0 


(18). 


Hence,  a value  of  v may  be  determined  from  that  of  u by 
changing  a — 1 into  1 — a;  i.  e.  by  changing  a into  2 — a. 
Thus  we  have,  for  the  second  particular  integral, 

u = V*w(sin  dy*  d0, 

J 0 

provided  that  2 — a he  positive. 


Hence,  if  a lie  between  0 and  2,  we  have  for  the  complete 
integral, 

u=  c ; f V (sin  0)a~idd+  c^f  (sin  ey-°dd ...  (19). 

If  a=l,  the  two  particular  integrals  in  the  above  expression 
merge  into  one.  To  deduce  the  true  form  of  the  general 
integral,  we  may  proceed  thus, 


u=  [ e''*™8  (sin 6)a~l  + G%  ( x sin 0)1_o]  dd, 

J 0 

=/V»*k  (sin  ffj-'+B (,in  sin  de. 


on  re 
A an 


splacing 
d B. 


<7,  and  C%  by  two  new  arbitrary  constants, 
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Now  when  a=  1,  we  find  by  the  usual  mode  of  treating 
vanishing  fractions, 

(sin  6)a~ 1 — ( x sin  0)1_a  . ... 

- ^ — = log  \x  (sin  0)  J. 

Thus, 

u = f e9*0089  [A  + B log  {«  (sin  0)5}]  d& (20). 

J 0 

This  is  the  complete  integral  of  the  equation, 

<Pu  du  - 

(21)- 

and  a similar  form  exists  for  all  cases  in  which  a is  an  odd 
integer. 

4.  We  proceed  to  the  cases  in  which  a is  fractional  and 
does  not  lie  between  the  limits  0 and  2.  By  the  application 
of  Props.  2 and  3,  Chap,  xvil.,  this  case  can  be  reduced  to 
the  case  in  which  a does  lie  between  the  limits  0 and  2.  First, 
suppose  a negative ; then  we  may  assume  a — a!  — 2 n,  where 
a!  lies  between  0 and  2,  and  n is  a positive  integer.  In  this 
case,  the  first  term  of  (19)  will  need  transformation.  Now  the 
symbolical  equation  (6),  becomes 

u — tt\ t—a rr  €^u  — 0- 

D(jD  + a — 2n  — 1) 

Hence,  if  we  assume 

V “ D{D  + a'-  1)**V  = °» 

we  shall  have 

u=  (D  + d — 1)  (D  + a — 3) ...  (D  + a — 2n  + 1)  v 

=(‘cs+“'_1)(a!^+“’_8)-(a:s+a'_!!“+I)”-(22)’ 

in  which 

v=  Gx  |"Vrcos9(sin  6Y~ld6 (23). 
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And  this  particular  expression  for  u must  replace  the  first 
term  in  the  general  value  of  u given  in  (19).  The  differen- 
tiations may  obviously  be  performed  under  the  integral  sign. 

As  a particular  illustration  suppose  n to  lie  between  0 and 
— 2,  then  n = 1,  a = a — 2,  whence 


d , 
x -f-  + a 
ax 


l=Xdx+a  + l' 


The  particular  value  of  u which  must  replace  the  first  term 
in  the  general  value  (19),  will  therefore  be 

u=  G,  J (x  ^ + a + 1 j eqxco* 9 (sin  (9)“+1  dd. 


Effecting  the  differentiations,  and  substituting  in  (19),  we 
have,  for  the  general  value  of  u, 

u = C,  f eqxcoa9  (qx  cos  0 + a + 1)  (sin  6)a+l  dd, 

J o 

+ ctx'-a  |,Vco89(sm  ey-'de. 

J 0 

Secondly,  when  a > 2,  the  assumption 

u — 6il~a)9v,  i.  e.  u = x1~av, 

in  effect  converts  a into  2 — a.  Compare  (6)  and  (18).  In  effect, 
therefore,  it  converts  a into  a negative  quantity,  and  reduces 
the  present  case  to  the  preceding  one. 

It  remains  only  to  notice  that  when  a is  an  even  integer, 
the  complete  integral  is  expressible  in  finite  terms.  Chap.  XVII. 
Art.  5. 

Collecting  these  results  together,  we  see  that,  according  as 
a is  an  even  integer,  a fraction,  or  an  odd  integer,  the  complete 
integral  is  expressible  in  finite  terms,  or  by  definite  integrals 
producing  on  development  two  algebraic  series,  or  by  definite 
integrals  producing  on  development  two  series,  one  of  which 
is  multiplied  by  the  factor  log  x.  We  propose  before  going 
farther  to  verify  these  results. 
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Verification. 


5.  If  in  the  solution  (19),  we  develope  the  exponentials, 
and  for  brevity  write 

f W (cos  0)m(sin  ey -*  dd=An,  f W (cos  0)m (sin  0)'- d0=Bm...  (24), 
~ 0 0 

we  shall  have 


7? 


« = ^ f o’"—  !V+  Ctx'-Xv~m-qMx' 
1 1 . 2. ..to  2 * 1 . 2. ..to1 


(25), 


the  summation  denoted  by  % extending  to  all  positive  integral 
values  of  to,  from  m = 0 to  to  = co  ..  Thus  the  general  value 
of  u is  expressed  by  two  series,  whose  equivalence  to  the 
series  given  in  (8),  it  remains  to  establish. 

Now,  when  to  is  odd,  Am  = 0,  Bm  = 0,  the  positive  and 
negative  elements  in  each  integral  mutually  destroying  each 
other.  Again,  by  a known  formula  of  reduction, 


/(cos  0)m  (sin  0)"  dO  = 


(cos  0)’H~'  (sin  0)n+1 
m + n 


+ - — 1 /(cos  oy-  (sin  0y  do. 

TO  + 71 

Supposing  the  limits  0 and  7r,  the  term  free  from  the  sign 
of  integration  vanishes  at  each  limit  when  n is  positive,  and 
we  have,  changing  n successively  into  a — 1 and  1 — a, 


Am 


TO  — 1 A 

TO + 0-1  m-2’ 


B = 


TO  — 1 
to  + a — 1 


(26). 


Now  let  the  coefficient  of  xm  in  the  first  series  in  (25),  be 
represented  by  um,  then 


A„,am 


1 1 .2... to’  "’h-s  1.2. ..to  — 2’ 


= a 


A,.,?” 


= q‘ 

to  (70— 1 ) m [m  + a — 1) 


by  (26). 


Digitized  by  Google 


462  SOLUTION  BY  DEFINITE  INTEGRALS  RESUMED. 


Now  this  is  the  law  of  the  coefficients  assigned  in  (7). 
And  just  in  the  same  way  may  the  second  series  in  (25)  be 
verified.  Thus  the  development  of  the  general  solution  (19), 
produces  the  two  convergent  series  of  the  solution  in  Art.  2. 

The  verification  of  the  solution  (20),  though  somewhat 
more  difficult,  may  be  effected  on  the  same  principles. 

Developing  the  exponential,  and  assuming 


f (cos  6)md9  = Em,  f (cos  6)m  (log  sin  6)  dd  — F„, 

J 0 Jo 

we  shall  have 

/ AEm  2BFm  \ m . v BEm  m m . . 

+IogxSiX3»J^- <27>> 


the  summation  extending  to  all  even  integral  values  of  in, 
from  in  = 0 to  m = co  . 


Now  it  may  be  shewn  that 


(28)- 


and  it  will  be  found  that  these  relations  .establish,  for  the 
coefficients  of  the  series  involved  in  (27),  the  same  laws  of 
successive  derivation  as  are  assigned  in  (10). 

The  verification  of  the  solution  (22),  involves  no  difficulty. 


Solution  by  Definite  Integrals  resumed. 

6.  In  Art.  3,  we  found  for  the  equation  of  the  limits, 

e*  (<*_  ^=0 (29), 

from  which,  in  order  to  determine  the  limits  in  perfect  in- 
dependence of  x,  we  rejected  the  factor  e”.  In  the  discussion 
of  the  same  problem  in  the  great  work  of  Petzval*,  now  in 
course  of  publication,  that  factor  is  retained,  giving,  according 

* Integration  der  Lincaren  Diffkrcntialgleichungen  mit  constanten  und  ver'dn- 
dei  lichen  coefficienten. 
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as  x is  positive  or  negative,  the  additional  limit  - co  or  cc . 
And  thus  the  following  solutions  are  arrived  at,  viz. : 

« = C,  f > (f  - 2s)'*  ~'dt  + G,  f V (<*  - (30), 

J -q  J -ao 

when  x is  positive,  and 

u=cj  V (<*  - tfi’-'dt  +cJX(t3-  q'f'-'dt (31), 

J -q  J q 

when  x is  negative.  It  will  be  observed  that  it  is  in  their 
second  terms  that  the  above  expressions  for  u differ  from  the 
expression  given  in  (19),  and  the  question  arises,  what  do 
those  second  terms  really  represent?  We  propose  here  to 
consider  this  question. 

Supposing  x positive,  we  have  to  examine  the  term 

c,  fV  (e-^dt. 

•I  —00 

Now  this  expression,  on  assuming  t = — <7  (1  + $)>  so  as  to 
make  the  limits  of  integration  0 and  go  , and  performing  re- 
ductions affecting  only  the  arbitrary  constant,  becomes 

c\\-'*™w+(?Flde, 


or, 


Ce~qx  f + 

j 0 


dd 


(32). 


It  is  easy  to  see  that  this  cannot  produce  either  of  the  parti- 
cular integrals  represented  by  ascending  developments  in  (8). 
For,  if  we  develope  the  exponential  under  the  sign  of  inte- 
gration, the  coefficient  of  xm  in  the  factor  represented  by  the 
definite  integral,  will  be 

I » ^ • • • llv  J Q 

But,  m and  a being  positive,  it  is  manifest  that  the  expres- 
sion is  infinite. 
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We  may,  however,  expand  the  definite  integral  in  descend- 
ing powers  of  x.  Developing  the  binomial  in  ascending 
powers  of  6,  and  integrating  by  the  well  known  theorem 


(32) 


c -**&*d0  = 


assumes  the  form 


r(x) 


(M2"'r(f+i) 

1 - 
(2*)* 

(?*)f+1 

+ &cl , 


Now  observing  that  T (jj|  + 1 j — ^ F &c.,  substituting 

and  merging  the  common  factors  in  the  arbitrary  constant, 
we  have 


which  agrees  with  (12).  Exactly  in  the  same  way  Petzval’s 
second  integral  for  the  case  in  which  x is  negative,  represents 
the  other  descending  and  divergent  series  (14). 


7.  We  thus  see  the  true  nature  of  the  distinction  between 
Petzval’s  form  of  solution,  and  those  obtained  in  Art.  4. 
The  latter  represent  the  two  converging  and  ascending 
series  derived  immediately  from  the  differential  equation. 
The  former  represents  one  of  those  series  accompanied  by 
the  divergent  series  derived  from  a transformed  differential 
equation*. 


• Spitzer,  in  a recent  Memoir  in  Crelle’s  Journal  (Vol.  liv.  p.  280),  shews  that 
when  the  coefficients  of  the  differential  equation 

(a2  + ftjx)^+(a1  + &ix)^  + (a0  + Z>o<r)F  = 0 
satisfy  the  condition  alba—aj>l  = b2t,  the  solution  will  be 

V -/««*  V (A  + B log  l («„  + V)  Ui)}  du, 

where 

. /aauS+aiM  + ao 

J7,  = 6,u*+M  + io,  F=ie  o.  „ 
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It  is  known  that  in  the  employment  of  divergent  series  an 
important  distinction  exists  between  the  cases  in  which  the 
terms  of  the  series  are  ultimately  all  positive,  and  alternately 
positive  and  negative.  In  the  latter  case  we  are,  according  to 
a known  law,  permitted  to  employ  that  portion  of  the  series 
which  is  convergent  for  the  calculation  of  its  entire  value. 
Now,  a being  positive,  the  series  (12)  assumes  this  character 
when  x is  positive,  the  series  (14)  when  x is  negative.  But 
these  are  precisely  the  cases  in  which  these  series  are  repre- 
sented by  Petzvai's  integrals. 

When,  for  the  calculation  of  an  element  dependent  on  the 
solution  of  a differential  equation,  ascending  and  descending 
series  are  both  employed  (the  former  for  small,  the  latter  for 
large  values  of  the  independent  variable),  it  is  necessary  to 
determine  the  connexion  of  the  constants.  For  this  purpose 
the  expressions  of  the  series  by  definite  integrals  may  be  of 
importance.  On  this,  and  on  other  points  connected  with  this 
subject,  the  reader  is  referred  to  two  most  instructive  Memoirs 
byP  rof.  Stokes*,  in  which  some  of  the  equations  of  this  chap- 
ter are  applied  to  physical  problems. 

Partial  Differential  Equations. 

8.  Some  of  the  most  interesting  applications  of  the  above 
method  occur  in  the  solution  of  partial  differential  equations. 
The  following  is  an  example. 

Ex.  Bequired  the  most  general  solution  of  the  equation 
d3u  d*u  d*u  _ 

dp  dy2  dp  ’ 

and  the  limits  are  given  by 

«"  UtV=  0. 

The  deduction  of  this  as  a limiting  case  of  the  general  solution  may  serve  as  an 
exercise  to  the  student.  It  will  be  proper  to  assume  ’ cl,  + bjc  = v as  the  inde- 
pendent variable. 

Spitzer  expresses  surprise  that  Petzval  has  not  arrived  at  the  above  solution. 
We  see  however  that  it  has  no  proper  place  in  Petzvai’s  actual  scheme. 

« On  the  Numerical  Calculation  of  a Class  of  Definite  Integrals  and  Infinite 
Series.  Cambridge  Philosophical  Transactions,  Vol.  ix.  Part  i.  p.  166. 

On  the  Effect  of  the  Internal  Friction  of  Fluids  on  the  Motion  of  Pendulums. 
Ibid.  Part  II.  p.  8. 

B.  D.  E.  30 
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which  can  be  expressed  in  terms  of  z and  r,  supposing 

r = V («*+/). 

This  equation,  with  its  supposed  condition,  presents  itself 
in  the  problem  of  determining  the  attraction  of  a solid  of  revo- 
lution on  an  external  point,  and  in  the  problem  of  the  motion 
of  an  incompressible  fluid,  disturbed  by  the  motion  of  a solid 
of  revolution  in  the  direction-of  the  axis  of  revolution  z. 


The  transformed  equation  is  easily  found  to  be 


(Pu  du  d*u  A 
rd?  + dr  + rdJ*  = °' 


.(34). 


Now  the  solution  of  the  equation 

dau  du 
dr  * + dr 


d*u  du  , 

r^r  + ^;  + ?ru  = 0> 


u = I e«TCOS®v/l"11  [A  + B log  \r  (sin  #)*}]</#. 

J o 

Hence,  replacing  q by  Jr  ,and  A and  B by  arbitrary  func- 
tions of  z,  we  have,  for  the  solution  of  (34), 


I er  cm9dx  V(  11  ^ + yfr  ]0g  jr  0)*j]  dd, 

0 


or,  by  the  symbolical  form  of  Taylor’s  theorem, 

u=f  <p  [z  + r cos  0 (— 1)}  dd 
J o 

+ I ifr{z  + r cos  0 V(~  1 )}  log  [r  (sin  d)*}  dd (35). 

J 0 

Such  is  the  complete  integral. 

In  all  physical  problems  involving  partial  differential  equa- 
tions the  determination  of  the  arbitrary'  functions  so  as  to 
satisfy  given  initial  conditions  is  a matter  of  great  importance, 
and  sometimes,  where  discontinuity  presents  itself,  of  great 
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difficulty.  But  though  some  general  principles  might  be  stated, 
the  subject  is  best  studied  in  the  concrete  application. 

In  applying  the  above  solution  to  the  problem  of  attraction 
it  is  required  to  determine  the  arbitrary  functions  so  that  when 
r = 0 we  should  have  u = F{z).  Now,  since,  when  r = 0,  log  r 
is  infinite,  it  is  necessary  to  suppose  yjr(z)  = 0.  We  have  then 

F(z)  = f <f>(z ) (19  = 7T(jf)  («) . 

J 0 

Thus  the  solution  under  the  proposed  limitation  becomes 
u~~f  F{z  + r cos 6 V(—  1)}  d9. 


Parseval's  Theorem. 

9.  Equations  whose  symbolical  form  is  binomial  generally 
admit  of  solution  by  definite  integrals.  Pfaff’s  equation  has 
thus  been  treated  by  Euler.  (Lacroix,  Tom.  III.  p.  529.)  The 
very  beautiful  theorem  of  Parseval  which  makes  the  limit  of 
the  series  AA'  + BB  + CC'  + &c.  dependent  upon  the  limits 
of  the  series  A + Bu  + Cus  + & c.,  and 

Tt'  O' 

A'  + -+~+&c. 
u u 

should  be  noticed. 


Suppose  that,  for  all  values  of  u,  real  and  imaginary, 

A + Bu  + Gu * ...  = <f>  (u), 

,,  B'  C , . , 

u u 

Then,  multiplying  the  equations  together, 

AA'  + BB'  +CC'  + t (anum  + = <f>  («)  * («). 

Assume,  in  succession,  u = and  u — e~flv'(-1),  and  add 
the  results. 

30—2 
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SOLUTION  OF  DIFFERENTIAL  EQUATIONS 


We  find 

2 (A  A'  4-  BB’  + CC')  + 2X  (affl  cos  m&)  + 2X  (/9m  cos  m0) 

= <f>  ^ + ^ 

Now  multiply  by  J0,  integrate  between  the  limits  0 and  tr, 

observing  that  j (cos  md)  dd  = 0,  and  divide  the  result  by 
J 0 

27 r,  then 

AA'  + BB’...=  ±j  \<p  {e'V™}  yjr 

° + <f>  {e-V-»}  ^ dd (36), 

which  is  the  theorem  in  question. 


Solution  of  Differential  Equations , by  Fourier's  Theorem. 

10.  As  Fourier’s  theorem  affords  the  only  general  method 
known  for  the  solution  of  partial  differential  equations  with 
more  than  two  independent  variables  (and  such  are  the  equa- 
tions upon  which  many  of  the  most  important  problems  of 
mathematical  physics  depend),  we  deem  it  proper  to  explain 
at  least  the  principle  of  this  application,  referring  the  reader 
for  a fuller  account  of  it  to  two  memoirs  by  Cauchy*. 


As  a particular  example,  let  us  consider  the  equation 

d?u  7»  fd^u  d*u  , d1 u\  „ . . 

S?-1 W2y  + 3?)  = 0 (37>- 


Let  u = (f)(x,  y,  z,  t) 

represent  any  solution  of  this  equation.  By  a well-known 
form  of  Fourier’s  theorem, 

4>(*)=^ffdadX  VC*»  (o), 


• Sur  V Integration  d' Equations  Lineaires.  Exercices  d' Analyse  et  de  Phy- 
sique Mathematique,  Tom.  i,  p.  63. 

Sur  la  Transformation  et  la  Reduction  des  Integrates  Generates  d'un  Systems 
d' Equations  Lineaires  aux  differences  partielles.  Ibid.  p.  178. 
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successive  applications  of  which  enable  us  to  give  to  u the 
form 

« = j^pffffff  (a>  b,  c,  t)  dadbdcdXdjidv (38), 

— oo 

where  A = (a  — x)  \ + (b  — y)  fi  + (c  — z)  v. 

Substituting  this  expression  in  (37),  and  observing  that 
from  the  form  given  to  A we  have 

we  have 

oo 

mini64 v,~i  {5 + k* (x* +^,+^}  d^v = o, 

— oo 

<f>  being  put  for  <f>  (a,  b,  c,  t).  This  equation  will  be  satisfied 
if  <f>  be  determined  so  as  to  satisfy  the  equation, 

^ + ht(Xi  + ^+vt)<t>  = 0. 

Hence,  integrating  and  introducing  arbitrary  functions  of 
a,  b,  c in  the  place  of  arbitrary  constants,  we  have  the  par- 
ticular integrals, 

<t>  = Vr») ^ (a>  b,  c ),  <f>  = e~m  V**  Xi  (a,  b,  c)  ...  (39), 
where  B=  (X*  + fi*  + if)*. 

Substituting  the  first  of  these  values  in  (38),  and  merging 
the  factor  —5  in  the  arbitrary  function,  we  have 

00 

« = Jj J Jj  J yfrt  (a,  b,  c)  dadbdcdXd/idv ....  (40), 

—00 

a particular  integral  of  the  proposed  equation.  It  may  easily 
be  shewn  that  the  employment  of  the  second  value  of  <f>  given 
in  (39)  would  only  lead  to  an  equivalent  result. 
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SOLUTION  OF  DIFFEBENTIAL  EQUATIONS. 


To  complete  the  solution,  we  observe  that  if,  representing 

+ ~ by  H,  we  make  t = e9,  so  as  to  reduce  the 
dar  dtf  dz 

given  equation  to  the  symbolical  form, 


E 


u- 


D{D-l) 


e^u  = 0, 


then,  by  Propositions  2 and  3,  Chap.  xvn.  the  transformation 
dv  dv 


v — 


H 


D{D-l) 


et9v=0, 


which  is  of  the  same  form  as  the  equation  for  u.  Hence, 
v admitting  of  expression  in  the  form  (40),  we  have  on  merely 
changing  the  arbitrary  function, 

°° 

u = flUU v<-»  (a,  b,  c ) dadbdcdXdfidv (41). 


The  complete  integral  is  thus  expressed  by  the  sum  of  the 
particular  integrals  (40)  and  (41).  The  sextuple  integral  by 
which  the  above  particular  values  of  u are  expressed  admits 
of  reduction  to  a double  integral  leading  to  a form  of  solution 
originally  obtained  by  Poisson.  Cauchy  effects  this  reduction 
by  a trigonometrical  transformation.  It  may  be  accomplished, 
and  perhaps  better,  by  other  means ; but  this  is  a matter  of 
detail  winch  does  not  concern  the  principle  of  the  solution. 
We  may  add,  that  when  the  function  to  be  integrated  becomes 
infinite  within  the  limits,  Cauchy’s  method  of  residues  should 
be  employed.  The  reduced  integral  in  its  trigonometrical 
form,  together  with  Poisson’s  method  of  solution,  which  is 
entirely  special,  will  be  found  in  Gregory’s  Examples,  p.  504. 

Cauchy’s  method  is  directly  applicable  to  equations  with 
second  members,  and  to  systems  of  equations.  The  above 
example  belongs  to  the  general  form 
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where  II  is  a function  of  ^ ^ • For  all  such  equations 

the  method  furnishes  directly  a solution  expressed  by  sextuple 
integrals,  which  are  reducible  to  double  integrals  if  II  is 
homogeneous  and  of  the  second  degree.  In  the  above  example 
the  double  integration  proves  to  be,  in  effect,  an  integration 
extended  over  the  surface  of  a sphere  whose  radius  increases 
uniformly  with  the  time.  Integrals  of  this  class  are  pecu- 
liarly appropriate  for  the  expression  of  those  physical  effects 
which  are  propagated  through  an  elastic  medium,  and  leave  no 
trace  behind. 


MISCELLANEOUS  EXERCISES. 


1.  The  complete  integral  of  the  equation 


d*u 

<k?~ 


n (n  + 1) 


x 


u, 


is  expressible  in  the  form  u = Ae**  + Be~M,  A and  B being 
series  which  are  finite  when  n is  an  integer.  (Tortolini, 
Vol.  V.  p.  161.) 


2.  The  definite  integral  f cos  {n  (6  — x sin  6)}  dd,  can  be 

J 0 

evaluated  when  n — ± (i  + , where  t is  a positive  integer  or  0. 

(Liouville,  Journal,  Tom.  VI.  p.  36.) 


Representing  the  definite  integral  by  u,  it  will  be  found  that  u satisfies  an 
dhi  / B \ 

equation  of  the  form  — = I A + -^1  u. 


The  subject  of  the  evaluation  of  definite  integrals  by  the  solution  of  differential 
equations  has  been  treated  with  great  generality  by  Mr  Russel.  ( Philosophical 
Tramactiont  for  1855.) 


3.  If  v = a be  the  equation  of  a system  of  curves,  v being 

a function  of  x and  y which  satisfies  the  equation  ^ + -j-tz  = 0, 

and  if  u = # be  the  equation  of  the  orthogonal  trajectories  of 
the  system,  then  u may  be  found  by  the  integration  of  an 
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exact  differential  equation  of  the  first  order,  and  when  found 
. d*u  cPu 

will  satisfy  the  equation  = 0. 


The  above  theorem  is  applied  by  Professor  Thomson  to  the  problem  of  deter- 
mining the  forms  of  the  rings  and  brushes  in  the  spectra  produced  by  biaxal 
crystals.  (Cambridge  Journal,  2nd  Series,  Vol.  i.  p.  124.) 


4.  The  normal  at  a point  P of  a plane  curve  meets  the 
axis  in  G,  and  the  locus  of  the  middle  point  of  PG  is  the 
parabola  y1,  = lx.  Find  the  equation  to  the  curve,  supposing 
it  to  pass  through  the  origin.  ( Cambridge  Problems.) 

5.  The  normal  at  any  point  of  a surface  passes  through 

• 1/  Z 

the  line  represented  by  j = - . Find  the  differential 

L 7H>  71 

equation  to  the  surface,  and  obtain  the  general  integral.  (Ib.) 

6.  Prove  that  the  differential  equation  of  the  surfaces 
generated  by  a straight  line  which  passes  through  the  axis 
of  z,  and  through  a given  curve  which  makes  a constant  angle 
with  the  axis  of  z,  is 

dz  dz  ,/a  u , , n \ 

Xdx+yty='f^  +y)cotot*  (&•) 


7.  Integrate  the  above  equation. 

8.  Express  by  a definite  integral  the  series, 

xs  x*  X !*  „ 

1 ~ 2s  + 2s74i_2^4“.6s  + &C' 

Form  the  differential  equation  by  Chap.  xvn.  Art.  11,  and  then  apply  Laplace’s 

2 r~~ 

method.  Chap.  xvm.  The  result  is  u = — * cos  (x  cos  0)  dd.  (Stokes,  Cambridge 

Transactions,  Vol.  ix.  p.  182.) 


9.  Hence  express  the  series  in  a form  suitable  for  calcu- 
lation when  x is  large. 


Proceeding  according  to  the  directions  of  Chap.  xvni.  the  complete  integral 
of  the  differential  equation  expressed  by  descending  series  will  be 

u = **  )(.4  cosx+  B sin  x)  R +(A  sin  x - Bcos  x)  S), 


where 


„ , 1».3»  1“  3’.  ft1. 7* 

“l  .‘2 (8r)»  + 1 . 2 . 3 . 4 (&r)<  ~ &0* 
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1*  3*.  5* 


, + isc. 


1.8*  1.2.3(8x)a 

The  values  of  A and  B for  the  particular  integral  in  question  will  be  A=B=i r~*. 
These  are  deduced  from  the  consideration  that,  when  * tends  to  infinity,  we  have, 
in  the  limit, 

cos (* cos 0) dd  = -rx-l (cos x + sin ,r).  (Ibid.) 
he  above  series  occurs  in  several  physical  problems. 

10.  The  complete  integral  of  the  equation, 

x S + (a  + ^ + (f+yx + y — °> 


may  be  expressed  by  a finite  formula  involving  general  differ- 
entiation. (Attributed  to  Liouville.) 

a*! 

Assume  y = z,  aj  + 2 ; then,  by  a proper  determination  of  a and  fi,  the  equation 
may  be  reduced  to  the  form 

*£  + (a'  + y*4*+/'«  = 0. 

The  symbolical  equation  obtained  by  assuming  * = e®  will  be  binomial,  and  the 
integration  in  the  required  form  may  be  effected  by  Prop.  3,  Chap.  xvn. 


11.  Equations  of  the  form 

*Qj,  + (At+Bl3r)xf-  + (A,  + B,x " +0“) » = 0, 

may  be  reduced  to  the  form, 

^(s)*+,f'(s)‘=0 <”*>’ 

considered  in  Chap.  xvm. 

Assume  x“  = t,  y = thz ; the  determination  of  h will  be  found  to  depend  on 
the  equation  k(k  -l)ma  + k\m  (m  — 1)  + toA,}  + Av  = 0. 

Petzval,  Lincaren  Differentialgleickungen,  Pt.  1st,  p.  105.  Riccati’a  equation  is 
included  in  the  above. 


12.  Equations  of  the  form 

(aa  + b0  log x)  x?  ^ + («i  + \ log  x)x~+  (a,  +\ log x)  u = 0 
are  reducible  to  the  form  (to).  (Ib.  p.  112.) 
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13. 


The  complete  integral  of  the  equation 


d'y 

dx" 


= (a  + 0x)  y, 


is  y=f  dt  e"£  ( Cd*  + Cjd*. . . + Q>V*“), 

where  p is  a primitive  root  of  pn+1  = 1,  and  C,  Cv  Ct ...  Cn , 
satisfy  the  condition  C + (7,  + (72 ...  + CH  = 0,  but  are  other- 
wise arbitrary.  (Jacobi,  Crelles  Journal,  Vol.  x.  p.  279.) 

14.  The  determination  of  the  orthogonal  trajectory  of  any 
system  of  straight  lines  on  a plane,  involving  in  their  general 
equation  one  variable  parameter,  can  be  determined  by  the 
solution  of  an  exact  differential  equation  between  x and  y. 

This  interesting  proposition,  together  with  the  following  demonstration,  was 
communicated  to  the  author  by  Professor  Donkin,  with  whose  permission  it  is 
published. 

The  equation  of  the  given  system  can  always  be  expressed  in  the  form 
* sin  0 - y cos  0 = <f>  (0),  or,  putting  cos  0 = u,  sin  0 = v, 


vx  - uy  - F (u,  v)  = 0 (1), 

u*  + - 1 = 0 (2). 

The  equation  of  the  trajectory  will  then  be 

udx  + vdy  = 0 (3), 


u and  v being  determined  from  (1)  and  (2)  as  functions  of  x and  y. 

Now,  if  we  represent  the  first  members  of  (1)  and  (2)  by  F and  4>  respectively, 
then,  in  order  that  (3)  may  be  an  exact  differential  equation,  we  must  have,  in 
virtue  of  (37)  Chap.  XIV. 

dFdb  dF  rfd>  dFd*_dFd^_0 

dx  du  du  ' dx+  dy  d>  dv  dy  ’ 

and  this  will  be  found  to  be  identically  satisfied.  Hence  (3)  is  an  exact  differential 
equation,  as  was  to  be  shewn.  The  proposition  applies  generally  to  the  problem 
of  involutes.  Thus,  the  tangents  to  a circle  being  represented  by 

vx  — uy  = a,  us  + »,  = l, 
the  equation  (3)  will  become 

(xv/(‘f,  + y,-“’)-ay  1 dx+  {yyl/(xa  + yl-a*)  + ax}  dy  _n 
x*  + y* 

This  is  exact,  and  determines,  on  integration,  the  system  of  possible  involutes. 


Digitized  by  Google 


MISCELLANEOUS  EXERCISES. 


475 


15.  To  determine  the  connexion  of  the  integrals  of  any 
system  of  simultaneous  differential  equations  expressible  in  the 
form 

dx  _ dF  dy  _ dF 
dt  du  ’ dt  dv 

du  _ dF  dv  _ dF 
dt  dx'  dt  dy 

where  F is  a given  function  of  x,  y,  u and  v. 

The  complete  solution  will  evidently  consist  of  four  equations  determining 
x,  y,  u,  v as  functions  of  t,  and  four  arbitrary  constants. 

Suppose  that  there  exists  an  integral  of  the  form  $ = c,  where  4>  is  a function 
of  x,  y,  u,  v,  not  involving  t.  Then,  differentiating,  we  have 

d<P  dr  d4>  dy  d<P  du  d‘ J>  dv 
dx  at  + dy  dt  + du  dt  + dv  dt  ~ 

dx  dy 

or,  substituting  for  , &c.  the  values  given  in  (1), 


d<P  dF  dd>  dF  d<P  dF  d'P  dF 

— — -f  ■ — — — =0.. 

dx  du  dy  dv  du  dx  dv  dy 


Now  this  equation  is  identically  satisfied  if  4>  = F.  Hence  one  integral  will  be 
F = a,  where  a is  an  arbitrary  constant. 

Suppose  now  that  another  integral  not  involving  f can  be  found.  Then  repre- 
senting it  by  <P  = b,  and  observing  that  (2)  is  identical  with  the  equation  (4)  in 
the  last  problem,  it  is  seen  that  if,  from  the  two  equations  F =a,  0 =b,  we  deter- 
mine u and  v as  functions  of  x,  y,  a,  b,  the  expression  udx  + vdy  will  be  an  exact 
differential.  Hence,  if  J\udx  + vdy)  = x>  wo  have 

,ov 


Now  differentiating  the  integral  F = a with  respect  to  a,  and  regarding  u,  v, 
aa  functions  of  x,  y,  a,  b,  we  have 

dF  du  dF  dv 
du  da  ^ dv  da  ~ ’ 

dF  dF 

or,  putting  for  — , -j—  their  values  given  in  (1),  and  for  u,  v their  values  given 
du  dv 

in  (3), 

d*x  dx  cPx  dy  _ 
dadx  dt  + dady  dt  * 
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whence,  integrating, 


d* 

da 


= t + c. 


w, 


e being  an  arbitrary  constant.  Since  the  form  of  x *8  known,  this  constitutes 
a third  integral. 


Lastly,  differentiating  F=a  with  respect  to  b and  proceeding  as  above,  we  find 


db 


= e. 


(6), 


e being  an  arbitrary  constant.  And  this  is  the  fourth  integral. 


The  above  is  a simple  illustration  of  the  methods  of  Theoretical  Dynamics  re- 
ferred to  in  Chap.  XIV.  Thus  the  equations  for  the  motion  of  a body  attracted 
towards  fixed  centres  (all  in  one  plane)  are 

cPx  dR  <Py  dR 

dt‘  dx  * dt*  dy  ’ 


R being  a function  of  x,  y,  and  the  co-ordinates  of  the  fixed  centres, 
tions  may  be  expressed  in  the  form 


dy 

dt 


= e. 


These  equa- 


du  _ dR  dv  dR 

dt  dx'  dt  dy 

Now,  if  we  represent  the  function  £ (us  +»*)-(-  R by  F,  the  above  equations 
assume  the  general  form  (1). 

It  was  intimated  in  Chap.  XIV.  that  the  solution  of  the  equations  of  Dyna- 
mics is  finally  dependent  on  the  obtaining  of  the  complete  primitive  of  a non- 
linear partial  differential  equation  of  the  first  order;  and  this  was  previously 
shewn  to  depend  on  the  integration  of  an  exact  differential  equation  the  coeffi- 
cients of  which  were  determined  by  the  solution  of  a /inear  partial  differential 
equation  of  the  first  order.  Now  all  this  agrees  with  what  has  been  exempli- 
fied above.  For  the  last  two  integrals,  (4)  and  (5)  are  derived,  by  mere  differ- 
entiation, from  x,  while  x is  found  by  the  integration  of  an  exact  differential 
equation  whose  coefficients,  u and  e,  are  obtained  from  equations  which  satisfy 
the  linear  partial  differential  equation  (2). 

The  student  is  especially  referred  to  the  original  memoirs  by  Sir  W.  R. 
Hamilton  (On  a General  Method  in  Dynamics.  Philosophical  Transactions, 
1834 — 6),  to  various  memoirs  by  Jacobi  contained  in  his  collected  works  or  scat, 
tered  through  Crelle’s  Journal,  and  to  the  recent  memoirs  of  Prof.  Donkin  (On 
a Class  of  Differential  Equations  including  those  of  Dynamics.  Philosophical 
7Yansactions,  1854 — 5).  Liouville’s  Journal  is  rich  in  valuable  memoirs  on  the 
subject 
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ANSWERS. 

The  following  table  does  not  contain  answers  to  all  the 
questions  proposed  in  the  Exercises,  but  to  a selected  number 
of  them,  thought  amply  sufficient  for  ordinary  requirements. 


CHAPTER  I. 

2.  (1)  y = px  + V(l+/)-  (Here’P  = ^)* 

(2)  p — ay  = eaM.  (3)  {\+x')p  + y = tan'1  x. 

(4)  xp+y=y*\ogx.  (5)  yp%  + 2xp  = y. 

(6)  y = xp  + <p(p). 

3.  (l)and(2)  g+«'y  = 0.  (S)  g = (jr  - * g 

5.  y'  — aix‘  = b.  6.  (1)  (x  — a)*+  (y  — &)*=  1. 

(2)  bx  — ay  = ab[xy  — 1). 


8. 


9. 


y — c®  — 4 c'x. 


CHAPTER  H. 

1.  (1)  logxy  + x-y  = c.  (2)  log?-^^  = c. 

(3)  (1+  «*)  (1  +y *)  = cx*. 

(4)  V(l+x7)  ~ § 1<?g  (1  +^~lQg  (y  + +/)}  *e. 

(5)  cos  y = c cos  x.  (6)  tan  x tan  y — c. 

2.  Yes.  3.  (1)  y — ce  *.  (2)  y — ce 

(3)  x*=c*+2cy.  (4)  x=ce  (5)  (y+x)*(y-2x)*=c. 
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4. 

5. 


9. 


ANSWERS. 

(1)  x'-xy+tf+x-y^c.  (2)  (y-as+l)*(y+x-l)s=c. 

y=  Cxu  + X -- - • 6.  (2)  y = ax  + cxV(l -**)• 

J l — a a 

(3)  Read  x for  2 in  second  member, 


/ a?4-l  1 

(1)  (2)  2==(cc““  + • 

(3)  «={ce***+|( 2a?+l)]“*.  (5)  y=(cx  + log  x + 1)-1. 


CHAPTER  III. 

1.  x*+ 6x*y*+y4=  (7.  2.  a?—y*—cx.  3.  x!-y*=cys. 

4.  + tan-1  = c.  5.  x + ye5  = c. 

6.  c*  (x* 4 ys)  =c.  7.  sin  (nx+wy)  + cos  ( mx  + ny)  = c. 

9.  V(l  + a:s+y2)  + tan‘1-  = c»  log  ary  + sin-1  — + e*  = c. 

y * 

10.  Assuming  y-a  = v,  we  have  J cfV^i  + ~=c’ 


CHAPTER  IV. 


*H=S-  •■KtO- 

5.  (1)  Integrating  factor,  Solution,  x’=c!+2cy. 


(2)  Integrating  factor,  . 

Solution,  (y + x)5  (y + 2x)8  = c. 
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(4)  y~c\J(l  + ~j-  (5)  xy  cos  | = c. 

6.  y — cx.  7.  (1)  ? (9)  4 

()xy(xy+l)’  W jyTj-,. 

CHAPTER  Y. 

M 6 * (2)  Z*  • 2.  y“\  3.  e*,  and  . 

a:  y* 

•4.  (2)  yT7.  (3)  yV".  (4)  (1  + y*  _ ^)-». 

(5)  (Xs  + y)-*.  (6)  (tf  + y+ay)-*.  (7)  (x+y*)-». 

5.  e*(aj‘+y*)-*. 

9.  Wheni^e=|.|.  Then/(x)=-^. 


CHAPTER  VI. 

Equations  1 to  5 must  be  reduced  to  the  form 
dv 

X + V = °f  which  the  solution  is 

Syjmx' 

according  as  5 and  c are  like  or  unlike  in  sign.  In  1 we  find 

* = 1,  and  the  solution  by  (A)  is  y = oH , where  y is 

given  by  changing,  in  the  first  of  the  above  solutions,  a into 
— a,b  into  1,  c into  1,  n into  — 2 a.  In  2,  i = 2.  Annlv  (A) 
In  3 Apply  (2)).  **  J K '* 

7.  4a?)  + » (t  + £),  t being  any  integer  positive, 

negative,  or  0. 
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9.  x ^ - (2-46  + 1)  y + by'^caf*™,  where  A is  a root  of 

(too 

the  equation  bA 1 + A — h = 0. 

10.  Compare  with  p.  95. 


1. 


2. 


5. 


6. 


8. 

12. 

13. 


16. 


17. 


19. 


CHAPTER  VII. 

(y-2x-c)  {y-Zx-c)  = 0. 

{y  — a log  x — c)  [y  + a log  x — c)  = 0. 
Eliminate  p by  means  of  a log  p + 2 bp  + c = x. 

By^?  + f+c 


By  y * \ +f  V(i  +i>*)  - ilogb  + V(i  +7>*)}  + c. 

(«  - 

Comp.  Prim. y =cx  + c—  c*.  Sing.  Sol.  y = — ^ — • 
Complete  Primitive,  y — cx  + 0{b*  — «V). 

Singular  Solution,  ^ + C = 1 . 14.  a?  +y*  = cx. 

CL  O 

Eliminate^?  by  x — [C+wlog {y>-t-  V (1+p2)}] • 

(ar-o)*+{y-/(a)}*=l.  21.  xf{a)-ya=af[a)  (xy-l). 


CHAPTER  VIII. 

4.  Sing.  Sol.  x = a.  6.  DifF.  equation,  p - 


2 \J  (x  — a)  ‘ 

10.  (1)  *y  = l.  (2)  (|)  ± (f)  = L (®)  y = “4~  • 
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11.  Particular  Integral.  13.  y = e'1*’41'. 

— x* 

16.  (1)  Envelope  species,  y = . 

(2)  Envelope  species,  yi  = 4xa. 

(3)  Not  of  envelope  species,  y = xn. 

17.  Singular  solution,  \Jx  + *Jy  = a. 

18.  Singular  solution,  x*  + y*  = a*. 

19.  x = cos"1  [yk  + {y  -/)*}. 


CHAPTER  IX. 

I.  y = C£to  + c'eto.  2.  y = + cV  + . 

3.  y = e*(c0  + cla:  + csa3i!  + C3a:8). 

4.  y = (c,  + c2x)  cos  a:  + (ca  + c4at)  sin  rr. 

5.  y = c£~*  + (c,  + c^)  e®*. 

6.  y = c,  cos  aj  + cg  sin  a;  + (cs  + c^)  e*  + 1. 

7.  y=(c1  + c4a5)6to+  jy-  8.  y = (cl  + cjc  + ex. 

9.  y = ca;s+  — , 10.  y —c  (a; + <*)*  + c'  (a:  + a)3. 

2/ 

kg2 

II.  y = e 2 {ccos  (x*Jb)  +c  sin  (x  V^)}« 

12.  y = ceg^°~>x  + c1€~q,iar'x. 

14.  Add  x1  to  the  previous  value  of  y. 

CHAPTER  X. 

i x*  . , , 

1.  y = — — sinx  + c + ci. 

B.  D.  E.  31 
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3.  yr=  /V(a*  + a*)afic  + cloga3  + c'.  5.y  = -g-  + x • 


7. 

JC  + c = (o2  + ys)1.  8.  y 

= ^+/(c)a!  + c'. 

9. 

x = \ log  [cy  +/(«)}  + c. 
c 

11. 

y — 

x\°g(c+C- 

14. 

y = e-^  (//'■*&& + C'). 

19. 

y 

= cx. 

20. 

X jx 

y = — a \ (a€°  + Cl£  ) • 

22. 

a + c+^-y1)* 

23. 

y = c log  [x  + c + V(®*  + 2cx)j  + < 

t 

26. 

1 (or+ft 

28. 

*3-4+*-* 

31. 

(dtf 

\dx, 

j — x*  = 0. 

32. 

(y_c)*-j  = °*  33. 

»"5S 

-f-  rt2#  + & J • 

CHAPTER  XI. 


1.  x = ci/n.  2.  aj  + c = -log{ny  + VW-  !)}• 

47  . n 

6— a ft+a 

4.  + = 

6.  Let  ?/  = 2c£c-£c*  represent  the  circles,  then  the  tra- 
jectory is  x‘  = 2cy  — y*. 


7.  y4  + £CS  - c = o2  (log  a)*.  8.  r = cem®. 

10.  4ay  + c = 2ax  V(4aV  - 1)  - log  {2aa:  + V (4a V - 1)}. 


CHAPTER  XII. 

1.  ( x — a)(y  — b)(z  — c)  = C . 
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2.  x'  + 2/  - 6 xy  - 2 xz  + a*  = G.  3.  yz  + zx  + xy  = c. 

b c 


5.  e*{y+z)  = c. 


6.  S + ^-(7. 

x y z 


7 y.. hf  + z + x-  = C.  8.  e"2  (x  + y 4-  z1)  = G. 

y 


x 


9.  In  first  term  read  2 xz  for  2 yz,  then 

a?  + xy1  — w + z?z  = c. 

10.  No. 


CHAPTER  XIII. 

-c  2 

2.  y = e-9'  (c  cos  t + c'  sin  t), 


1.  a;  = c“*-|,  y = (ci  + ci)6 


x = 6_  ((c  + c')  sin  < + (c  - c')  cos *}. 
2 


€*  e2* 


5.  x + y = ce  +5  + g, 
e‘  2e” 

x — 2y  = c'e’”  + g ^ • 

7.  x = ^ + 4c,€w  + 4cae~“  - 3cse^  - c^, 
y = ±.  + Cie*+  cjTu  - c/*  - Cf"*. 


CHAPTER  XIV. 

2.  z = ysml*  + <l>(y).  3.  e~*'  (a;  + y + *)  = <f>  (y)- 
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5. 

7. 

9. 

.il- 

ls. 


16. 


18. 

20. 

23. 


2. 

4. 

8. 


1. 


z = —+<f>  {ay  — bx ). 
z = x + y<f>  (*s  — ys). 

z — c T \z  — c) 


6. 

8. 

10. 


z = ea  <f>(x-y). 

2=f ;+*(»»)• 


® + V(^+y’+z,)=^0.  15.  «=cV(^  + y*). 


Complete  Primitive,  z = arc  + by  + ab.  19.  z — — xy. 

z = ax  + - -\-b.  21.  z = ax<?  + — e^+b. 

a 2 

z = xy  + y*/(a?-as)-\-b  and  z = * — — + — + &. 

a x—y 

CHAPTER  XV. 

Z“^(l)+^(l)-  3-  y =*£(*)  +iK*)- 

* =/ (y)  + <f>  («)•  5.  +/ (« + y + 2). 

z = (x+ ay)  + y V(-  1 - a2). 


CHAPTER  XVI. 

y=c+^c1  + csa;+^)e*.  3.  4 = ce*1  + e'e3*  - a*te. 
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m — 5m  + 6 

(x 


+ oc2"  + c'e8*. 


• ““'"(|+^+s)  + ce"+c'‘“ 


_ 3m  sin  mx  — (m2  — 2)  cos  mx  _ 

5.  u = r— ; ■ r-  -J, + c e + c/ *. 

9m  + (m  — 2)  1 

8.  u — x"(f>  + anjr 


10.  m = cos  n log  xxf>  ~ j + sin  (»  log  x)  yjr  ^ . 

11.  Assume  -i-  + X = tt. 

ax 

CHAPTER  XVII. 

1.  u = cex(x  — 1)  — c'e*(a;  + l). 

2 u-(a?  * ■ dy  + c'logx 

V,  dx1  dx)  1 — x 

7 „ - rj  (A\  c>  + GJX*~X  (X  + qx^dx 

\dx)  xb(l  + qx)a~™ 


9.  2 = (*^-i){^(y+*)+^(y-*)}- 

12-  (4)v ' 


THE  END. 
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NOTES  TO  CHAPTER  XIV. 


Art.  5.  To  complete  the  theory  of  the  linear  partial  differ- 
ential equation  Pp  + Qq  = R it  ought  to  be  shewn  that  the  solution 
u = /(*’)>  or  as  it  “ay  be  expressed, 

F{u,v)  = 0 (1), 

includes  every  possible  solution. 


Let  x(*»y>*)=  9*  or  for  simplicity  x = 0,  represent  any  par- 
ticular solution.  Differentiating,  we  have 

= 0 d-X  + <ka  = 0 

dx  dz  ^ ’ dy  dz**  ’ 

and  substituting  the  values  of  p and  q hence  derived  in  the  given 
equation 

+ o. 

dy 


dx 


dz 


Similar  equations  being  obtained  from  the  particular  integrals 
u = a,  v = b,  we  have,  on  eliminating  P,  Q,  R, 


dx  fdu  dv  du  dd\  dx  fdu  dv  du  dv\ 

dx  \dy  dz  dz  dy)  dy  \dz  dx~dxdz) 


d\  fdu  dv  du  dx A 
+ dz  \dx  dy  dy  dx)  ~ W* 

Now  suppose  the  forms  of  u and  v to  be 

u = <t>(x,y,z)}  v = \f/(x,  y,  z) (3), 

<f>  (■ x , y,  z)  and  if/  (x,  y,  z)  being  given  functions.  From  these  two 
equations  some  two  of  the  quantities  x,  y,  z may  be  determined  as 
functions  of  the  other  and  of  u and  v.  Suppose  x and  y thus 
Boole’s  Differential  Equations. 
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determined  as  functions  of  z,  u,  and  v ; then  by  substitution 
X ( x , y,  z)  becomes  a function  of  z,  u,  and  v,  and  we  may  write 

x(x,  y,  *)  = x,  (x,  u,  v). 


Hence  we  find 


a.1  a. 
sIjkT 

ii 

= dXi 

du 

du 

dx 

dv 
dx  ’ 

dxz 

A 

du 

A 

dv 

dy 

du 

dy 

dv 

dy  ’ 

dx  z 

A 

du 

A 

dv 

i 

dz 

du 

dz 

dv 

dz 

Substituting  these  in  (2)  and  reducing,  we  have 

o?X,  (du  dv  du  dv\ 
dz  \clx  dy  dy  dxj 


W* 


But,  were  the  second  factor  of  the  first  member  equal  to  0, 
u would  be  a definite  function  of  v and  z (Chap.  iv.  Art.  3)  and 
the  equations  (3)  could  not  determine  x and  y as  by  hypothesis 

dv 

they  do.  We  have  then  -At=0,  whence  x,  does  not  involve  z. 

llv 

Thus,  x being  expressible  as  a function  of  u and  v,  the  equation 
X = 0 is  included  in  the  general  form  (1). 

The  student  will  easily  extend  this  proof  to  the  case  in  which, 
the  number  of  variables  is  n. 


Art.  14.  The  most  important  form  of  the  problem  of  this 
Article  is  the  following,  and  the  reader  is  requested  to  substitute 
it  for  the  one  in  the  text,  sufficient  account  not  being  there  taken 
of  the  conditions  among  the  constants. 

Required  a value  of  z as  a function  of  a:,,  xa,  ...  xn  which  shall 


satisfy  the  partial  differential  equation 

F{x>,  xa ...  xny  z,  pl,pa...pj  = 0 (1), 

and  shall,  when  xn  = 0,  assume  a given  form, 

*=«#>(»„*,  •••*»-,) (2)- 
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Representing  the  second  member  of  (2)  by  rp,  and  ~ by  <£lt  &c., 

CLX^ 

we  shall  have,  when  x = 0, 

7 n • 


= P*  = <h>  -A-,  (3), 

for,  in  seeking  the  forms  which  ^ , ~Z  . . . f*  assume  when 

clxl  dxs 

xn  = 0,  we  are  permitted  to  make  xu  = 0 in  the  general  value  of  * 
before  differentiating. 

Now  the  auxiliary  system  of  the  linear  equation,  (45)  in  the 
text,  yields  2 n integrals  connecting  x ...  xu,  z,  px  ...  pu  with  2 n 
arbitrary  constants.  But  since  one  of  the  integrals  is  F = c,  and 
since  to  make  this  agree  with  (1)  we  must  have  c=  0,  the  2 n in- 
tegrals will  effectively  contain  2n  - 1 arbitrary  constants.  This 
however  being  the  number  of  the  variables  contained  in  (2),  (3), 
namely  of  the  variables  a:, ...  xM_t,  z,  pt  . . . pn_x , we  may  express, 
and  so  replace,  these  arbitrary  constants  by  initial  values  of  the 
above  variables  corresponding  to  xn  = 0. 

Let  , . . . , £,  7T, , ...  7t  be  the  new  constants  in  question  ; 

then,  substituting  these  for  the  variables  whose  initial  values  they 
represent  in  the  n equations  (2),  (3),  we  obtain  n conditions  con- 
necting the  above  constants. 


Thus  we  have  finally  3 n equations,  consisting  of  2 n integrals 
with  n equations  of  condition  connecting  the  2n  — 1 constants 
which  those  integrals  contain.  From  these  3 n equations  we  can 
eliminate  the  above  2n  — 1 constants  together  with  the  n quantities 
P,  i Pi  • ■ ■ Ph  • The  result  will  be  a final  relation  between  z,  xt,  xs... 
xn,  which  will  be  the  solution  sought. 


If  we  regard  the  function  <f>(vx,  x* ...  xn_t)  as  arbitrary,  the 
above  solution  will  constitute  a general  primitive  ; but  if  we  give 
to  it  a particular  form  involving  n arbitrary  constants,  we  shall 
obtain  a complete  primitive.  (Cauchy,  Exercices,  Vol.  u.  p.  238.) 
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CORRECTIONS. 


The  author  is  indebted  to  Mr  Todhunter,  and  to  other  mem- 
bers of  the  University  of  Cambridge,  for  most  of  the  following 
corrections,  and  desires  to  record  his  thanks. 

Wherever  the  correction  is  such  as  to  leave  no  doubt  as  to  its 
application,  it  has  been  thought  unnecessary  to  reprint  the  error  of 
the  text. 

Chapter  I. 

P-  5’  (8)  : * % ~ y'=  °-  P-  15,  1.  25  : n -r  + 1.  p.  21, 

Ex.  2,  (3):  ce-tan  *.  dele  Ex.  5.  p.  477,  Ans.  3,  (3):  — after  =. 
Ans.  9 : (y  — c)'. 

Chapter  II. 


P.  30,  L 6 : = 0.  p.  34,  1.  8 : 


da/ 


x 


p.  36,  1.  11  : ... 


Ex.  1,  (4):  dy  before  = . p.  42,  Ex.  6,  (3):  a?+for  2+. 
Ex.  6 : ypdx.  Ex.  7 : - for  + . p.  477,  Ans.  3,  (5) : + 
p.  478,  Ans.  6,  (3) : Ans.  9,  (2)  : 

3«7 


: — [ ce 


% x+l 


p.  41, 

p.  43, 

for 


Chapter  III. 


P.  44,  1.  16:  member,  p.  47 8,  Ans.  9 : sin  1 Jxa  + ya  for 
log  xy. 


Chapter  IV. 


P.  52,  L 9,  18:  =0.  p.  61,  1.  16:  =0.  p.  64,  1.  9 : Ny. 

1.  18  and  20  : =0.  p.  67,  Ex.  1 : 2 {xy  — 1)  for  (2 xy  — 1). 
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Chapter  V. 

P.  73,  Ex.  1 : — 0.  p.  74,  1.  2 : - for  xy.  p.  78, 1.  11 : 3 n for 

y 

3x.  p.  80,  1.  3 : omit  ‘concluding.’  1.  4 : for  5,  read  6.  1.  19  : 

xm*x.  (17):  = for  = — . p.  81,  1.  15  : + v\fi(v)  for  — v\f/{v).  p.  85, 
1.  9 : xxiv.  p.  86,  1.  3 : + A"BC.  p.  89,  Ex.  4 (3) : (y  — x)  dy.  p. 

479,  Ans.  9 : . 

n 

Chapter  YI. 

P.  98,  1.  15  : (16)  for  (18).  p.  Ill,  Ex.  5 : dele  dx.  Ex.  6 : 
b for  6.  p.  112,  Ex.  13  : b — a for  y — x.  p.  479,  Ana.  7 : = 0. 

Chapter  YII. 

P.  117  & 118:  for  read  y^dx,  pjdx.  p.  118,  (17): 

dV  dV  dV 

fa’  lb!’  ~dx"  P-  119’  1 13  : foraied.  P-  120,  1.  21  : parallel 

to.  1.  22  : the  axis  of  y.  p.  125,  1.  11  & 14  : (2)  for  (3).  p.  128, 
1.  5 : + 4nx.  1.  14  : - a log  for  + a log.  1.  15  : p for  y.  (1) : x n 

for  a;4,  p.  138,  Ex.  18  : a:  + /{.  Ex.  19  : ,J  1 + ; x - for  x+. 

p.480,  Ana.  12:  — ■t—  . Ans.  13:  — ^j.  Ans.  21 : ax—/(a)y=. 

TC  CL 


Chapter  VIII. 

p.  U6,  (7)  : ^ p.  150,  last  line  : - for  +. 

' dc  dx 

p.  151,  1.  8 : f -k  mx.  p.  156,  1.  4 : X p.  164,  1.  4 : X.  p.  171, 

(3)  : xy*  for  4xy*.  p.  172,  1.  9 : I*  = — . p.  183,  1.  16  : —mnp. 

tiy  vc 

p.  184,  Ex.  14  : omit  second  sentence.  Ex.  16,  (1):  + for  — . Ex. 

16,  (3):  y for  2.  p.  185,  1.  7 : f.  p.  186,  1.  2 : ^ . 1.  5 : c-3x-y. 

p.  481,  Ans.  13:  Sing.  Sol.  y — 0;  comp.  Prim,  y ~ Ans. 

19:  cos  ~'f+(y  — fy. 
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Chapter  IX. 

P.  187,  (1):  S-.  1.19:  Art.  2.  p.  197,  1.  2 : r times.  1.21 
dx 

and  23  : cos  nx ; sin  nx.  p.  205,  1.  18  : is  - 1.  p.  206,  1.  4 : 

12a;  + 7 

Pif.  p.  481,  Ans.  2 : • 

144 

Chapter  X. 

P.  209,  1.  18  : + for  =.  p.  215,  1.  10  : 6 by  log  x.  p.  217,  1.  2 
& 4 : z for  x.  L 11  : +c'  or.  p.  218,  last  line  : —bu‘.  p.  221, 

(36):  y"  . p.  223,  1.  18  : q*y.  p.  229,  1.  12  : to*.  1.  13,  et 

seq.:  (47),  (48),  (49)  for  (46),  (47),  (48).  p.  231,  Ex.  12  : x*  + for 

x*+.  p.  233,  1.  7 : (ya  + xi)3.  Ex.  31,  1st  term  : • P-  482, 

Ans.  3 : x = \ + c>-  Ans.  7 : (ya  — aa)K  Ans.  1 1 : 

1 wc  + Jy 

xl°S7T~Jx'  Ans-  32:  (y-c)*-|  = 0. 

Chapter  XI. 

P.  235,  last  line  : x,  y for  x',  y . p.  236,  Ex.  1 : 2 for  z.  p.  238, 
1.  11  : X + C-.  p.  246,  (a) : h‘  for  c*.  p.  247,  1.  20  : (4)  and  (5). 
1.  22  : (6).  p.  249  : omit  first  four  lines,  p.  261, 1.  17:  (ma+  1)*. 

2m  ^ 

p.  265,  Ex.  14  : (£)"“  p.  266,  1.  3 : yj  1 + . p.  482, 

Ans.  6 : x*  = 2 c'y  - y%.  Ans.  7 : 2aa  log  x. 

Chapter  XII. 

P.  274,  1.  27  : (y + <*)'.  p.  277,  1.  9 and  11  : v + 1.  1.  13 
y + z.  last  two  lines  : y for  u.  p.  279, 1.  20  : =0.  p.  280,  1.  16 
(c).  1.  20  : Art.  4.  p.  282,  (27):  P (.  p.  286:  dele  Ex.  4.  Ex.  9 
xz  for  yz. 
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Chapter  XIII. 

P.  290,  1.  3 : (3).  p.  293,  (12):  dele  - each  time.  p.  294,  1.  4 
and  5 : “ J . p.  297,  1.  9 : m.  p.  300 : z\  p.  302, 

(20):  1.  21  : of  t.  p.  305,  (a):  (ah' -a'b)x.  p.  306,  1.  17: 

p-  309,  ^ p- 483’  ^ 1 : «*’" 

Chapter  XIV. 

P.  320,  last  line  but  one  : q for  g.  p.  325,  (14)  et  seq. : v 
for  vm.  p.  327,  L 3 : £ for  p.  333,  1.  1 : f for  p.  1.  7 : dx,  dy 

for  da,  db.  p.  325,  1.  1 : «/r  (c).  p.  340,  1.  3 : . p.  344,  last 

P 

line  : F for  f p.  346,  (44)  : dxt  for  dxt.  p.  350,  1.  4 : i p for  <f>. 
last  line  : <f>'  (a) + \.  p.  484,  Ans.  7 : (x  + y).  A ns.  10  : z‘.  Ans. 

Chapter  XV. 

P.  352,  last  line  : s for  0.  p.  359,  (31) : fl  ( v ,) ; f%  ( va ).  p.  363, 

1.  24  : . p.  364,  1.  11  : a for  c.  p.  366,  (49):  dX;  dY.  p. 

2y  - a 

368,  1.  3 and  6 : z for  Z. 

Chapter  XVL 

P.  378,  (18):  o for  X.  p.  382,  (33) : r for  2.  p.  383,  1.  3 : 

^ — rrr . 1.  7 : sin  nx.  1.  9 : for  the  last  —<J—  1 read  + J—  l". 

2nJ-  1 

(34) : u - . p.  384,  L 23  : member,  p.  388,  1.  3 : omit  last  index, 
p.  391,  LI:  and  <!>,.  p 392,  (2):  A,  for  Aa.  p.  394,  1.  5 : 

member,  p.  398,  (9):  y3  = a„.  P-  484,  Ans.  3 : y =.  p.  485,  Ans. 
7 9 

4:  - for  — . Ans.  10:  cos  n log  x. 
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COERECTIONS. 


Chapter  XVII. 

P.  402,  1.  6 : X.  p.  404,  1.  13  : form.  p.  405,  1.  16  : with 
{/„(£)}-.  p.  430,  1.  7 : (6).  p.  445,  last  line  : p.  448, 

Ex.  8 : — for  4c. 
a 

Chapter  XVIII. 

P.  452,  (3) : {4>(t)  T\.  p.  456,  (14):  $V  for  qx\  p.  467,  L 23: 
ik  468,  1.  2 : &c.  for  CC\ 

MISCELLANEOUS  EXERCISES. 

P.  472,  Ex.  6 : curve,  and  which. 
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CLASS  BOOKS  FOR  COLLEGES  AND  SCHOOLS. 

I.  Arithmetic  and  Algebra. 

Arithmetic.  For  the  use  of  Schools.  By  Barnard  Smith,  M.A. 

New  Edition  (1858).  348  pp.  Answers  to  all  the  Questions.  Crown  8vo.  4*.  6 d. 

Key  to  the  above.  290  pp.  (1856).  Crown  8vo.  8s.  6d. 
Arithmetic  and  Algebra  in  their  Principles  and  Applications. 

With  numerous  Examples,  systematically  arranged.  By  Barnard  Smith,  M.A. 
Sixth  Edition  (1859).  ti96  pp.  Crown  8vo.  10*.  6<f. 

Algebra.  For  the  use  of  Colleges  and  Schools.  By  I.  Tod- 

iiuntkr,  M.A.  496  pp.  (1858).  Crown  8vo.  Is.  6 d. 

XI.  Trigonometry. 

Introduction  to  Plane  Trigonometry.  For  the  use  of  Schools. 

By  J.  C.  Snowball,  M.A.  Second  Edition  (1847).  8vo.  5*. 

Plane  Trigonometry.  For  the  use  of  Schools  and  Colleges.  With 

Numerous  Examples.  By  I.  Todhunteb,  M.A.  272  pp.  (1859).  Crown  8vo.  5s. 

Plane  Trigonometry.  With  a numerous  Collection  of  Examples. 

By  R.  11.  Beasley,  M.A.  106  pp.  (1858).  Crown  8vo.  3*.  6 d. 

Plane  and  Spherical  Trigonometry.  With  the  Construction 

and  Use  of  Tables  of  Logarithms.  By  J.  C.  Snowball,  M.A.  Ninth  Edition, 
240  pp.  (1857).  Crown  8vo.  7*.  (id. 

III.  Mechanics  and  Hydrostatics. 

Elementary  Treatise  on  Mechanics.  With  a Collection  of  Ex- 

aniples.  By  S.  Parkinson,  B.D.  288  pp.  (1855).  Crown  8vo.  9*.  6 d. 

Elementary  Course  of  Mechanics  and  Hydrostatics.  By  J.  C. 

Snowball,  M.A.  Fourth  Edition.  110  pp.  (1851).  Crown  8vo.  5s. 

Elementary  Hydrostatics.  With  numerous  Examples  and  Solu- 

tions.  By  J.  B.  Phear,  M.A.  Second  Edition.  156  pp.  (1857).  Crown  8vo.5*.6d. 

Analytical  Statics.  With  numerous  Examples.  By  I.  Tod- 

hunter,  M.A.  Second  Edition.  330  pp.  (1858).  Crown  8vo.  10*.  (id. 

Dynamics  of  a Particle.  With  numerous  Examples.  By  P.  G. 

Tait,  M.A.  and  W.  J.  Steele,  M.A.  304  pp.  (1856).  Crown  8vo.  10*.  6 d. 

A Treatise  on  Dynamics.  By  W.  P.  Wilson,  M.A.  176  pp. 

(I860).  8 vo.  9*.  (id. 

IV.  Geometry  and  Conic  Sections. 

Geometrical  Treatise  on  Conic  Sections.  With  a Collection  of 

Examples.  By  W.  H.  Drew,  M.A.  121  pp.  (1857).  4*.  6 d. 

Plane  Co-ordinate  Geometry  as  applied  to  the  Straight  Line 

and  the  Conic  Sections.  By  1.  Todhunteb,  M.A.  Second  Edition.  316  pp. 
(1858).  Crown  8vo.  10*.  6 d. 

Elementary  Treatise  on  Conic  Sections  and  Algebraic  Geometry. 

By  G.  H.  Puckle,  M.A.  Second  Edition.  204  pp.  (1856).  Crown  8vo.  Is.  6rf. 

Examples  of  Analytical  Geometry  of  Three  Dimensions.  With 

the  Results.  Collected  by  I.  Todhunteb,  M.A.  76  pp.  (1858).  Crown  8vo.  4*. 

V.  Differential  and  Integral  Calculus. 

The  Differential  Calculus.  With  numerous  Examples  By  I. 

Todhunteb,  M.A.  Second  Edition.  404  pp.  (1855).  Crown  Sro.  10 s.  0d. 

The  Integral  Calculus , and  its  Applications.  With  numerous 

Examples.  By  I.  Todhunteb,  M.A.  268  pp.  (1857).  Crown  8vo.  10*.  6d. 

A Treatise  on  Differential  Equations.  With  numerous  Ex- 

amples.  By  G.  Boole,  F.R.S.  485  pp.  (1859).  Crown  8vo.  14*. 
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VI.  Problems  and  Examples. 

A Collection  of  Mathematical  Problems  and  Examples.  With 

Answers.  By  H.  A.  Morgan,  M.A.  190  pp.  (1858).  Crown  8vo.  6s.  6 d. 

Senate-House  Mathematical  Problems.  With  Solutions. 

1848-51.  By  Ferrers  ami  Jackson.  8vo.  15s.  0(4 
1848-51.  (Riders.)  By  Jameson.  8vo.  7#.  6 d. 

1854.  By  Walton  and  Mackenzie.  8vo.  10#.  6d. 

1867.  By  Campion  and  Walton.  8vo.  8#.  6 d. 

Mathematical  Tracts  on  the  Lunar  and  Planetary  Theories » 

Figure  of  the  Earth,  the  Undulatory  Theory  of  Optics,  &c.  By  the  Astro- 
nomer Royal  (G.  B.  Airy.  M.A.)  Fourth  Edition.  400  pp.  (1858).  8vo.  15#. 

The  Construction  of  Wrought- Iron  Bridges;  embracing  the 

Practical  Application  of  the  Principles  of  Mechanics  to  Wrought-iron  Girder 
Work.  By  J.  H.  Latham,  M.A.,  Ciril  Engineer.  283  pp.  (1858).  With 
numerous  lie  tail  Plates.  8vo.  15#. 

VII.  Latin. 

Help  to  Latin  Grammar;  or,  the  Form  and  Use  of  Words  in 

Latin.  With  Progressive  Exercises.  By  Josiah  Wrioht,  M.A.  175  pp. 
(18.55).  Crown  8vo.  4s.  lid. 

The  Seven  Kings  of  Home.  A First  Latin  Construing  Booh 

By  Josiah  Wrioht,  M.A.  Second  F.dition.  138  pp.  (1857).  Fcap.  8vo.  3». 

Vocabulary  and  Exercises  on  “ The  Seven  Kings."  By  Josiah 

Wrioht,  M. A.. 94  pp.  (1857).  Fcap.  8vo.  2s.  M. 

A First  Latin  Construing  Book.  By  E.  Thring,  M.A.  104  pp. 

(1855).  Fcap.  8vo.  2#.  (id. 

Sallust. — Catiline  and  Jugurtha.  With  English  Notes.  For 

Schools.  By  Charles  Merivale,  B.D.  Second  Edition.  172  pp.  (1858).  Fcap. 
8vo.  4#.  6d. 

Catiline  and  Jugurtha  mav  he  had  separately,  price  2#.  Gd.  each. 

Juvenal.  For  Schools.  With  English  Notes  and  an  Index. 

By  J.  E.  B.  Mayor,  M.A.  464  pp.  (1853).  Crown  8vo.  10*.  Gd. 

VIII.  Greek. 

Hellenica;  or,  a History  of  Greece,  taken  from  Diodorus  and 

Thucydides.  A First  Greek  Construing  Book.  By  Josiah  Wbight,  M.A. 
Second  Edition.  160  pp.  (1857).  Fcap.  8vo.  3#.  6 d. 

Exercitationes  Iambicce ; or.  Progressive  Exercises  in  Greek 

Iambic  Verse.  By  £.  R.  Humphreys,  LL.D.  Second  Edition.  426  pp.  (1854). 
Fcap.  8vo.  5#.  6d. 

Demosthenes  on  the  Crown.  With  English  Notes.  By  B.  Drake, 

M.A.  144  pp.  (1851).  Crown  8vo.  5#. 

Demosthenes  on  the  Croton.  Translated  by  J.  P.  Norris,  M.A. 

(1850).  Crown  8vo.  3s. 

Thucydides.  Book  VI.  With  English  Notes  and  an  Index. 

By  P.  Frost.  Jun.  M.A.  110  pp.  (18.54).  8vo.  It.  6 d. 

AEschylus.  The  Eumenides.  With  English  Notes  and  Transla- 

tion. By  B.  Drake,  M.A.  144  pp.  (1853).  Svo.  7#.  6<f. 

IX.  English  Grammar. 

The  Child's  Grammar.  By  E.  Thring,  M.A.  Demy  18mo. 

New  Edition.  (1859).  1*. 

Elements  of  Grammar  Taught  in  English.  By  E.  Thring, 

M.A.  Second  Edition.  136  pp.  (1854).  Demy  18uio.  2s. 
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MACMILLAN  AND  CO.’S 
Cambrige  Class  §00bs 

FOR  COLLEGES  AND  SCHOOLS. 

The  Series  of  Cambridge  Class-Books  fob  the  use  of  Colleges  and 
Schools,  which  have  been  issued  at  intervals  during  the  last  ten  years  by 
Macmillan  and  Co.,  is  intended  to  embrace  all  branches  of  Mathematics, 
from  the  most  elementary  to  the  most  advanced,  and  to  keep  pace  with  the 
latest  discoveries  in  Mathematical  science. 

Of  those  hitherto  published  the  sale  of  many  thousands  is  a sufficient  indication 
of  the  manner  in  which  they  have  been  appreciated  by  the  public. 

A SERIES  of  a more  Elementary  character  is  in  preparation,  a list  of 
which  will  be  found  at  the  back  of  this  Catalogue. 


WORKS  BY  THE  REV.  BARNARD  SMITH,  M.A. 

Fellow  of  St.  Peter’s  College,  Cambridge. 


1.  Arithmetic  and  Algebra 
in  their  Principles  and 
Application. 

With  numerous  Examplesy  systematically 
arranged . 

Eighth  Edition.  696  pp.  (1861).  Crown 
8 vo.  strongly  bound  in  cloth.  10j.  6d. 

The  first  edition  of  this  work  was  published  in 
1854.  It  was  primarily  intended  for  the  use 
of  students  at  the  Universities,  and  for 
Schools  which  prepare  for  the  Universities. 
It  has  however  been  found  to  meet  the  require- 
ments of  a much  larger  class,  and  is  now  in 
use  in  a large  number  of  Schools  and  Colleges 
both  at  home  and  in  the  Colonies.  It  has  also 
been  found  of  great  service  for  students  pre- 
paring for  the  Middle-Class  and  Civil  and 
Military  Service  Examinations,  from  the 
care  that  has  been  taken  to  elucidate  the 
principles  of  all  the  Rules.  Testimony  of  its 
excellence  has  been  borne  by  some  of  the 
highest  practical  and  theoretical  authorities ; 
of  which  the  following  from  the  late  DEAN 
PEACOCK  may  be  taken  as  a specimen. 

“Mr.  Smith’s  Work  is  a most  useful  publica- 
tion. The  Rules  are  6tated  with  great  clearness. 
The  Examples  are  well  selected  and  worked  out 
with  just  sufficient  detail  without  being  encum- 
bered by  too  minute  explanations;  and  there 
prevails  throughout  it  that  just  proportion  of 
theory  and  practice,  which  is  the  crowning  ex- 
cellence of  an  elementary  work.* 

2000. 

Oct.  2:  62.  * * 


2.  Arithmetic  for  the  TJse 

of  Schools. 

New  Edition  (1862)  348  pp. 

Crown  8vo.  strongly  bound  in  cloth,  4s,  6d. 
Answers  to  all  the  Questions. 

3.  Key  to  the  above,  containing  So- 
lutions to  all  the  Questions  in  the  latest 
Edition.  Crown  8vo.  cloth.  392  pp. 
Second  Edition.  8s.  6 d. 

To  meet  a widely  expressed  wish,  the  ARITH- 
METIC was  published  separately  from  the  larger 
work  in  1854,  with  so  much  alteration  as  was 
necessary  to  make  it  quite  independent  of  the 
ALGEBRA.  It  has  now  a large  and  increasing 
sale  in  all  classes  of  Schools  at  home  and  in  the 
Colonies.  A very  copious  collection  of  Examples, 
under  each  rule,  has  been  embodied  in  the  work  in 
a systematic  order,  and  a Collection  of  Miscel- 
laneous Papers  in  all  branches  of  Arithmetic  have 
been  appended  to  the  book. 

4.  Exercises  in  Arithmetic. 

104  pp.  Crown  8vo.  (1860)  2*.  Or  with 
Answers,  2s.  6 d.  Also  sold  separately 
in  2 Parts  price  Is.  each. 

Answers,  6 d. 

The  EXERCISES  have  been  published  in  order 
to  (five  the  pupil  examples  of  every  rule  in  Arith- 
metic, and  a (treat  number  have  been  carefully 
compiled  from  the  latest  University  and  Schoo 
Examination  Papers. 
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WORKS  BY  ISAAC  TODHUNTER,  M.A.,  F.R.S. 

Fellow  and  Principal  Mathematical  Lecturer  of  8t.  John’s  College,  Cambridge. 


1.  Algebra. 

For  the  Use  of  Colleges  and  Schools. 

Third  Edition.  542  pp.  (1862). 

Strongly  bound  in  cloth.  7 s.  6d. 

This  work  contains  all  the  propositions  which 
arc  usually  included  in  elementary  treatises  on 
Algebra,  and  a large  number  of  Examples  for 
Exercise.  The  author  has  sought  to  render  the 
work  easily  intelligible  to  students  without  im- 
pairing the  accuracy  of  the  demonstrations,  or 
contracting  the  limits  of  the  subject.  The  Ex- 
amples have  been  selected  with  a view  to  illustrate 
every  part  of  the  subject,  and  as  the  number  of 
them  is  about  sixteen  hundred  and  fifty%  it  is 
hoped  they  will  supply  ample  exercise  for  the 
student.  Each  set  of  Examples  has  been  carefully 
arranged,  commencing  with  very  simple  exercises, 
and  proceeding  gradually  to  those  which  are  less 
obvious. 

2.  Plane  Trigonometry. 

For  Schools  and  Colleges. 

Second  Edition.  279  pp.  (1860),  Cm.  8vo. 

Strongly  bound  in  cloth.  5s. 

The  design  of  this  work  has  been  to  render  the 
subject  intelligible  to  beginners,  and  at  the  same 
time  to  afford  the  student  the  opportunity  of  ob- 
taining all  the  information  which  he  will  require 
on  this  branch  of  Mathematics.  Each  chapter  is 
followed  bv  a set  of  Examples ; those  which  are 
entitled  Miscellaneous  Examples , together  with 
a few  in  some  of  the  other  sets,  may  be  advan- 
tageously reserved  by  the  student  for  exercise 
after  he  has  made  some  progress  in  the  subject. 
As  the  Text  and  Examples  of  the  present  work  have 
been  tested  by  considerable  experience  in  teaching, 
the  hope  is  entertained  that  they  will  be  suitable  for 
imparting  a sound  and  comprehensive  knowledge 
of  Plane  Trigonometry,  together  with  readiness  in 
the  application  of  this  knowledge  to  the  solution 
of  problems.  In  the  Second  Edition  the  hints  for 
the  solution  of  the  Examples  have  been  consider- 
ably increased. 


3 Spherical  Trigonometry. 

For  the  Use  of  Colleges  and  Schools. 

112  pp.  Crown  8vo.  (1859). 

Strongly  bound  in  cloth.  4s.  6 d. 

This  work  is  constructed  on  the  same  plan  as 
the  Treatise  on  Plane  Trigonometry , to  which  it 
is  intended  as  a sequel.  Considerable  labour  has 
been  expended  on  the  text  in  order  to  render  it 
comprehensive  and  accurate,  and  the  Examples, 
which  have  been  chiefly  selected  from  University 
and  College  Papers,  have  all  been  carefully  veri- 
fied. 


4.  The  Integral  Calculus 
and  its  Applications. 

With  numerous  Examples . 

Second  Edition.  342  pp.  (1862). 

Crown  8 vo.  cloth.  10*.  6d. 

In  writing  the  present  Treatise  on  the  Integral 
Calculus , the  object  has  been  to  produce  a work  at 
once  elementary  and  complete— adapted  for  the 
use  of  beginners,  and  sufficient  for  the  wanta  of 
advanced  students.  In  the  selection  of  the  propo- 
sitions, and  in  the  mode  of  establishing  them,  the 
author  has  endeavoured  to  exhibit  fully  and  clearly 
the  principles  of  the  subject,  and  to  illustrate 
all  their  most  important  results.  In  order  that 
the  student  may  find  in  the  volume  all  that  he 
requires,  a larye  collection  of  Examples  for  ex- 
ercise has  been  appended  to  the  different  chapters. 


6.  The  Differential  Calculus 

With  numerous  Examples. 

Third  Edition,  398  pp.  (1860). 

Crown  8 vo.  cloth,  10*.  6d. 

This  work  is  intended  to  exhibit  a comprehen- 
sive view  of  the  Differential  Calculus  on  the 
method  of  Limits.  In  the  more  elementary  por- 
tions, explanations  have  been  given  in  considerable 
detail,  with  the  hope  that  a reader  who  is  without 
the  assistance  of  a tutor  may  be  enabled  to  acquire 
a competent  acquaintance  with  the  subject.  More 
than  one  investigation  of  a theorem  has  been 
frequently  given,  because  it  is  believed  that  the 
student  derives  advantage  from  viewing  the  same 
proposition  under  different  aspects,  and  that  in 
order  to  succeed  in  the  examinations  which  he 
may  have  to  undergo,  he  should  be  prepared  for 
a considerable  variety  in  the  order  of  arranging 
the  several  branches  of  the  subject,  and  for 
a corresponding  variety  in  the  mode  of  demon- 
stration. 


6.  Analytical  Statics. 

With  numerous  Examples. 

Second  Edition.  330  pp.  (1858). 

Crown  8vo.  cloth.  10*.  6 d. 

In  this  work  will  be  found  all  the  propositions 
which  usually  appear  In  treatises  on  Theoretical 
Statics.  To  the  different  chapters  Examples  are 
appended,  which  have  been  selected  principally 
from  the  University  and  College  Examination 
Papers ; these  will  furnish  ample  exercise  in  the 
application  of  the  principles  of  the  subject. 
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WORKS  BY  ISAAC  TODIIUNTJSE,  M.A.,  F.R.S. 

(Continued). 


7.  An  Elementary  Treatise 
on  the  Theory  of  Equa- 
tions. 

With  a Collection  of  Examples. 

Crown  8 vo.  cloth.  7 s.  6d. 

This  treatise  contains  all  the  propositions  which 
are  usually  included  in  elementary  treatises  on  the 
Theory  of  Equations,  together  with  a collection  of 
Examples  for  exercise.  It  may  be  read  by  those 
who  are  familiur  with  Algebra,  since  no  higher 
knowledge  is  assumed,  except  in  Arts.  175,  267, 
308 — 314,  which  may  be  postponed  by  those  who 
are  not  acquainted  with  De  Moivre’s  Theorem  in 
Trigonometry.  This  work  may  in  fact  be  regarded 
as  a sequel  to  that  on  Algebra  by  the  same  writer, 
and  accordingly  the  student  has  occasionally  been 
referred  to  the  treatise  an  Algebra  for  preliminary 
information  on  some  topics  here  discussed. 

8.  Plane  Co-Ordinate  Geo- 

metry 

AS  APPLIED  TO  THE  STRAIGHT  LINE  AND 
THE  CONIC  SECTIONS ; 

With  numerous  Examples . 

Third  and  Cheaper  Edition. 

Crown  8vo.  cloth.  7s.  6d. 

This  Treatise  exhibits  the  subject  in  a simple 
manner  for  the  benefit  of  beginners,  and  at  the 
same  time  includes  in  one  volume  all  that  students 
usually  require.  The  Examples  at  the  end  of 
each  chapter  will,  it  is  hoped,  furnish  sufficient 
exercise,  as  they  have  been  carefully  selected  with 
the  view  of  illustrating  the  most  important  points, 
and  have  been  tested  by  repeated  experience  with 
pupils.  In  consequence  of  the  demand  for  the 
work  proving  much  greater  than  had  been  origi- 
nally anticipated,  a large  number  of  copies  of  the 
Third  Edition  has  been  printed,  and  a consider- 
able reduction  effected  in  the  price. 


9.  Examples  of  Analytical 
Geometry  of  Three  Di- 
mensions. 

76  pp.  (1868).  Crown  8vo.  cloth.  4s. 

A collection  of  examples  in  illustration  of  Ana- 
lytical Geometry  of  Three  Dimensions  has  long 
been  required  both  by  students  and  teachers,  and 
the  present  work  is  published  with  the  view  of 
supplying  the  want. 


10.  History  of  the  Progress 
of  the  Calculus  of  Vari- 
ations. 

During  the  Nineteenth  Century. 

It  is  of  importance  that  those  who  wish  to  culti- 
vate anv  subject  may  be  able  to  ascertain  what 
results  nave  already  been  obtained,  and  thus 
reserve  their  strength  for  difficulties  which  have 
not  yet  been  conquered.  And  those  who  merely 
desire  to  ascertain  the  present  state  of  a subject 
without  anv  purpose  of  original  investigation  will 
often  find  that  the  study  of  the  past  history  of  that 
subject  assists  them  materially  in  obtaining  a 
sound  and  extensive  knowledge  of  the  condition 
which  it  has  Attained.  The  Author  has  en- 
deavoured in  this  work  to  ascertain  distinctly 
what  has  been  effected  in  the  Progress  of  the 
Calculus,  and  to  form  some  estimate  of  the  manner 
in  which  it  has  been  effected  : accordingly,  unless 
the  contrary  is  distinctly  stated,  it  may  be  assumed 
that  anv  treatise  or  memoir  relating  to  the  Cal- 
culus of  Variations  which  is  described  in  this  work 
has  undergone  thorough  examination  and  study. 


By  J.  E.  PRATT \ M.A. 

Archdeacon  of  Calcutta,  late  Fellow  of  Gonville 
and  Caius  College,  Cambridge. 

A Treatise  on  Attractions, 
La  Place’s  Functions,  and 
the  Figure  of  the  Earth. 

Second  Edition.  Crown  8vo.  126  pp. 
(1861).  cloth.  6i.  6d. 

In  the  present  Treatise  the  author  has  en- 
deavoured to  supply  the  want  of  a work  on  a 
subject  of  great  importance  and  high  interest — 
La  Place’s  Coefficients  and  Functions  and  the  cal- 
culation of  the  Figure  of  the  earth  by  means  of 
his  remarkable  analysis.  No  student  of  the  higher 
branches  of  Physical  Astronomy  should  be  ignorant 
of  La  Place's  analysis  and  its  result—”  a calculus,” 
says  Airy,  “the  most  singular  in  its  nature  and 
the  most  powerful  in  its  application  that  has  ever 
appeared.” 


By  P.  G.  TAITj  M.A.,  and 
W.  J.  STEELE,  B.A. 

Late  Fellows  of  8t.  Peter’s  College,  Cambridge. 

Dynamics  of  a Particle. 

With  numerous  Examples. 

304  pp.  (1856).  Crown  8vo.  cloth.  lOr.  6 d. 

In  this  Treatise  will  be  found  all  the  ordinari- 
propositions  connected  with  the  Dynamics  of 
Particles  which  can  be  conveniently  deduced  with- 
out the  use  of  D’Alembert's  Principles.  Through- 
out, the  book  will  be  found  a number  of  illustrative 
Examples  introduced  in  the  text,  and  for  the  most 
part  completely  worked  out;  others,  with  occa- 
sional solutions  or  hints  to  assist  the  student  are 
appended  to  each  Chapter. 
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By  REV.  S.  PARKINSON,  B.D. 

Fellow  and  Pnelector  of  St.  John's  Coll.  Camb. 

1.  Elementary  Treatise  on 

Mechanics. 

With  a Collection  of  Examples. 

Second  Edition.  345  pp.  (1861). 
Crown  8 vo.  cloth.  9 8.  6 d. 

The  Author  has  endeavoured  to  render  the 
present  volume  suitable  as  a Manual  for  the  junior 
classes  in  Universities  and  the  higher  classes  in 
Schools.  With  this  object  there  have  been  in- 
cluded in  it  those  portions  of  theoretical  Mechanics 
which  can  be  conveniently  investigated  without 
the  Differential  Calculus,  and  with  one  or  two 
short  exceptions  the  student  is  not  presumed  to 
require  a knowledge  of  any  branches  of  Mathe- 
matics beyond  the  elements  of  Algebra.  Geometry, 
and  Trigonometry.  A collection  of  Problems  and 
Examples  has  been  added,  chiefly  taken  from  the 
Senate-House  and  College  Examination  Papers — 
which  will,  it  is  trusted,  be  found  useful  as  an 
exercise  for  the  student.  In  the  Second  Edition 
several  additional  propositions  have  been  incorpo- 
rated in  the  work  for  the  purpose  of  rendering  it 
more  complete,  and  the  Collection  of  Examples 
and  Problems  has  been  largely  increased. 

2.  A Treatise  on  Optics. 

304  pp.  (1859).  Crown  8vo.  10$.  6d. 

The  present  work  may  be  regarded  as  a new 
edition  of  the  Treatise  on  Optics,  by  the  Rev. 
W.  N.  Griffin,  which  being  some  time  ago  out  of 
print,  was  very  kindly  and  liberally  placed  at  the 
disposal  of  the  author  The  author  has  freely 
used  the  liberty  accorded  to  him,  and  has  re- 
arranged the  matter  with  considerable  alterations 
and  additions — especially  in  those  parts  which  re- 
quired more  copious  explanation  and  illustration  to 
render  the  work  suitable  for  the  present  course  of 
reading  in  the  University.  A collection  of  Ex- 
amples and  Problems  has  been  appended,  which 
are  sufficiently  numerous  and  varied  in  character 
to  afford  an  useful  exercise  for  the  student : for 
the  greater  part  of  them  recourse  has  been  had  to 
the  Examination  Papers  set  in  the  University  and 
the  several  Colleges  during  the  last  twenty  years. 

Subjoined  to  the  copious  Table  of  Contents  the 
author  has  ventumed  to  indicate  an  elementary 
course  of  reading  not  unsuitable  for  the  require- 
ments of  the  First  Three  Days  in  the  Cambridge 
Senate  House  Examinations. 

o 

By  J.  B.  PUEAR , M.A. 

Fellow  & late  Mathematical  Lecturer  of  Clare  Coll. 

Elementary  Hydrostatics 

With  numerous  Examples  and  Solutions. 

Second  Edition.  156  pp.  (1857). 
Crown  8vo.  cloth.  5s.  6 d. 

“An  excellent  Introductory  Book.  The  defi- 
nitions are  very  clear ; the  descriptions  and  ex- 
planations are  sufficiently  full  and  intelligible; 
the  investigations  are  simple  and  scientific.  The 
examples  greatly  enhance  its  value.”— English 
Journal  op  Education. 

This  Edition  contains  147  Examples,  and  solu- 
tions to  all  these  examples  are  given  at  the  end  of 
the  book. 


By  G.  B.  AIRY , M.A. 

Astronomer  Royal. 

1.  Mathematical  Tracts 

On  the  Lunar  and  Planetary  Theories , Figure 
of  the  Earth,  the  Undulatory  Theory  of 
Optics,  $c. 

Fourth  Edition.  400  pp.  (1858).  8vo.  15*. 

2.  Theory  of  Errors  of  Ob- 
servations and  the  Com- 
bination of  Observations. 

103  pp.  (1861).  Crown  8vo.  6*.  6 d. 

In  order  to  spare  astronomers  and  observers  in 
natural  philosophy  the  confusion  and  loss  of  time 
which  arc  produced  by  referring  to  the  ordinary 
treatises  embracing  both  branches  of  Probabilities, 
the  author  has  thought  it  desirable  to  draw  up 
this  work,  relating  only  to  Errors  of  Observation, 
and  to  the  rules  derivable  from  the  consideration 
of  these  Errors,  for  the  Combination  of  the  Results 
of  Observations.  The  Author  has  thus  also  the 
advantage  of  entering  somewhat  more  fully  into 
several  points  of  interest  to  the  observer,  than  can 
possibly  be  done  in  a General  Theory  of  Proba- 
bilities. 

o 

By  GEOROE  BOOLE,  D.C.L. 

Professor  of  Mathematics  in  the  Queen's  Univer- 
sity, Ireland. 

1.  Differential  Equations. 

468  pp.  (1859).  Crown  8vo.  cloth.  14*. 

The  Author  has  endeavoured  in  this  treatise  to 
convey  as  complete  an  account  of  the  present  state 
of  knowledge  on  the  subject  of  Differential  Equa- 
tions as  was  consistent  with  the  idea  of  a work 
intended,  primarily,  for  elementary  instruction. 
The  object  has  been  first  of  all  to  meet  the  wants 
of  those  who  had  no  previous  acquaintance  with 
the  subject,  and  also  not  quite  to  disappoint  others 
who  might  seek  for  more  advanced  information. 
The  earlier  sections  of  each  chapter  contain  that 
kind  of  matter  which  has  usually  been  thought 
suitable  for  the  beginner,  while  the  latter  ones  are 
devoted  either  to  an  account  of  recent  discovery, 
or  to  the  discussion  of  such  deeper  questions  of 
principle  as  are  likely  to  present  themselves  to  the 
reflective  student  in  connection  with  the  methods 
and  processes  of  his  previous  course. 

2.  The  Calculus  of  Finite 
Differences. 

248  pp.  (1860).  Crown  8vo.  cloth.  10*.  6 d. 

In  this  work  particular  attention  has  been  paid 
to  the  connexion  of  the  methods  with  those  of  the 
Iiilferential  Calculus— a connexion  which  in  some 
instances  involves  far  more  than  a merely  formal 
analogy.  The  work  is  in  some  measure  designed 
as  a sequel  to  the  Author’s  Treatise  on  Differential 
Equations,  and  it  has  been  composed  on  the  same 
plan. 
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By  EDWARD  JOHN  ROUTH,  M.A. 

Fellow  and  Assistant  Tutor  of  St.  Peter’s  College, 
m Cambridge. 

Dynamics  of  a System  of 
Rigid  Bodies. 

With  numerous  Examples. 

336  pp.  (1860).  Crown  8vo.  cloth.  10*.  6d. 

Contents  : Chap.  I.  Of  Moments  of  Inertia. — 
II.  D’Alembert’s  Principle.— III.  Motion  about 
a Fixed  Axis.— IV.  Motion  in  Two  Dimensions. — 

V.  Motion  of  a Rigid  Body  in  Three  Dimensions.— 

VI.  Motion  of  a Flexible  String. — VII.  Motion  of 
a System  of  Rigid  Bodies.— VIII.  Of  Impulsive 
Forces.— IX.  Miscellaneous  F.xamples. 

The  numerous  Examples  which  will  be  found  at 
the  end  of  each  chapter  have  been  chiefly  selected 
from  the  Examination  Papers  set  in  the  University 
and  Colleges  of  Cambridge  during  the  last  few 
years. 

o 

By  W.  H.  DREWy  M.A. 

Second  Master  of  Blackheath  School. 

Geometrical  Treatise  on 
Conic  Sections. 

With  a copious  Collection  of  Examples. 

Second  Edition.  Crown  8vo.  cloth.  4s.  6d. 

In  this  work  the  subject  of  Conic  Sections  has 
been  placed  before  the  student  in  such  a form  that, 
it  is  hoped,  after  mastering  the  elements  of 
Euclid,  he  may  find  it  an  easy  and  interesting 
continuation  of  his  geometrical  studies.  With 
a view  also  of  rendering  the  work  a complete 
Manual  of  what  is  tequiied  at  the  Universities, 
there  have  been  either  embodied  into  the  text,  or 
inserted  among  the  examples,  every  book-work 
question,  problem,  and  nder,  which  has  been 
proposed  in  the  Cambridge  examinations  up  to  the 
present  time. 

o 

By  O.  H.  TUCKLEy  M.A. 

Principal  of  Windermere  College. 

Conic  Sections  and  Alge- 
braic Geometry. 

With  numerous  Easy  Examples  Progressively 
arranged. 

Second  Edition.  264  pp.  (1856). 
Crown  8yo.  7s.  6d. 

This  book  has  been  written  with  special  reference 
to  those  difficulties  and  misapprehensions  which 
commonly  beset  the  student  when  he  commences. 
With  this  object  in  view,  the  earlier  part  of  the 
subject  has  been  dwelt  on  at  length,  and  geo- 
metrical and  numerical  illustrations  of  the  analysis 
have  been  introduced.  The  Examples  appended 
to  each  section  are  mostly  of  an  elementary  de- 
scription. The  work  will,  it  is  hoped,  be  found  to 
contain  all  that  is  required  by  the  upper  classes  of 
schools  and  by  the  generality  of  students  at  the 
Universities. 


By  JV.  M.  FERRERS , M.A. 

Fellow  and  Mathematical  Lecturer  of  Gonville  and 
Caius  College,  Cambridge. 

An  Elementary  Treatise  on 
Trilinear  Co-Ordinates. 

The  Method  of  Reciprocal  Folare,  and  the 
Theory  of  Projectiles. 

154  pp.  (1861).  Crown  8vo.  cloth.  6s.  6 d. 

The  object  of  the  Author  in  writing  on  this 
subject  has  mainly  been  to  place  it  on  a basis 
altogether  independent  of  the  ordinary  Cartesian 
System,  instead  of  regarding  it  as  only  a special 
form  of  abridged  Notation.  A short  chapter  on 
Determinants  has  been  introduced. 


By  R.  D.  BEASLEY , M.A. 

Head  Master  of  Grantham  School. 

Plane  Trigonometry. 

AN  ELEMENTARY  TREATISE. 

With  a numerous  Collection  of  Examples. 

106  pp.  (1858),  strongly  bound  in  cloth. 
3s.  6d. 

This  Treatise  is  specially  intended  for  use  in 
Schools.  The  choice  of  matter  has  been  chiefly 
guided  by  the  requirements  of  the  three  days* 
Examination  at  Cambridge,  with  the  exception  of 
proportional  parts  in  logarithms,  which  have  been 
omitted.  About  four  hundred  examples  have 
been  added,  mainly  collected  from  the  Examina- 
tion Papers  of  the  lost  ten  years,  and  great  pains 
have  been  taken  to  exclude*  from  the  body  of  the 
work  any  which  might  dishearten  a beginner  by 
their  difficulty. 

— "O 

By  J.  C.  SNOWBALL , M.A. 

Late  Fellow  of  St.  John’s  College,  Cambridge. 

Plane  and  Spherical  Trigo- 
nometry. 

With  the  Construction  and  Use  of  Tables  of 
Logarithms. 

Ninth  Edition.  240  pp.  (1857).  Crown  8vo. 
7s.  6 d. 

In  preparing  a new  edition,  the  proofs  of  some 
of  the  more  important  propositions  have  been 
rendered  more  strict  and  general ; and  a con- 
siderable addition,  of  more  than  two  hundred 
examples,  taken  principally  from  the  questions  in 
the  Examinations  of  Colleges  and  the  University, 
has  been  made  to  the  collection  of  Examples  and 
Problems  for  practice. 
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By  B.  BRAKE,  M.A. 

Late  Fellow  of  King’s  College,  Cambridge. 

1.  Demosthenes  on  the 
Crown. 

With  English  Notes. 

Second  Edition.  To  which  is  prefixed 

JEschines  against  Ctesiphon.  With 

English  Notes. 

287  pp.  (1860).  Fcap.  8vo.  cloth.  6s. 

The  first  edition  of  the  late  Mr.  Drake’s  edition 
of  Demosthenes  de  Corona  having  met  with  con- 
siderable acceptance  in  various  Schools,  and  a new 
edition  being  called  for,  the  Oration  of  jEschlncs 
against  Ctesiphon,  in  accordance  with  the  wishes 
of  many  teachers,  has  been  appended  with  useful 
notes  by  a competent  scholar. 


2.  JEschyli  Eumenides. 

With  English  Verse  Translation,  Copious 
Introduction,  and  Notes. 

“Mr.  Drake’s  ability  as  a critical  Scholar  is 
known  and  admitted.  In  the  edition  of  the 
Eumenides  before  us  we  meet  with  him  also  in  the 
capacity  of  a Foet  and  Historical  Essayist.  The 
translation  is  flowing  and  melodious,  elegant  and 
scholarlike.  The  Greek  Text  is  well  printed  : the 
notes  are  clear  and  useful.”— Guabdian. 


By  J.  BROOK  SMITH,  M.A. 

St.  John’s  College,  Cambridge. 

Arithmetic  in  Theory  and 
Practice. 

For  Advanced  Pupils. 

Part  I.  Crown  8vo.  cloth.  3s.  6 d. 
This  work  forms  the  first  part  of  a Treatise 
on  Arithmetic,  in  which  the  Author  hits  en- 
deavoured, from  very  simple  principles,  to  explain 
in  a full  and  satisfactory  manner  all  the  important 
processes  in  that  subject. 

The  proofs  have  in  all  cases  been  given  in  a form 
entirely  arithmetical:  for  the  author  does  not 
think  that  recourse  ought  to  be  had  to  Algebra 
until  the  arithmetical  proof  has  become  hopelessly 
long  and  perplexing. 

At  the  end  of  every  chapter  several  examples 
have  been  worked  out  at  length,  in  which  the  best 
practical  methods  of  operation  have  been  carefully 
pointed  out. 

o 

By  the  Rev.  G.  F.  CRUDE,  M.A. 

Mathematical  Professor  in  the  South  African  Coll. 

Singular  Properties  of  the 
Ellipsoid 

And  Associated  Surfaces  of  the  N*h  Degree. 
152  pp.  (1861).  8vo.  boards.  10$.  6d. 
Ab  the  title  of  this  volume  indicates,  its  object  is 
to  develope  peculiarities  in  the  Ellipsoid;  and 
further,  to  establish  analogous  properties  in  un- 
limited congeneric  series  of  which  this  remarkable 
surface  is  a constituent. 


By  C.  W.  UNDERWOOD,  M.A. 

Vice-Principal  of  the  Collegiate  Institution 
Liverpool. 

A Short  Manual  of 
Arithmetic. 

Fcp.  8yo.  96  pp.  (1860).  limp  cloth.  2s.  6d. 

The  object  aimed  at  by  the  Compiler  of  this 
Manual  is  to  bring  before  junior  students  so  much 
of  the  Theory  of  Arithmetic  as  may  be  fairly  ex- 
pected of  them,  and  to  present  it  in  such  a form 
that  the  study  of  the  Science  may  become  to  some 
extent  a mental  training.  It  is  rather  a Grammar 
of  Arithmetic  than  a treatise  on  that  subject,  and 
should  for  the  most  part  be  committed  to  memory. 
It  will  be  found  well  adapted  for  vied  voce  ex- 
amination, and  enable  candidates  to  prepare  them- 
selves for  the  Local  University  Examinations. 
The  Definitions  are  briefly  and  carefully  worded. 
Each  rule  is  stated  so  as  to  include  the  proof  of  it 
where  this  was  possible. 


Senate-House  Mathe- 
matical Problems. 

With  Solutions. 

1848-51.  By  Febbbbf  and  Jackson.  8vo.  15s.  6 d. 
1848-51.  (Riuebs).  By  Jameson.  8vo.  7s.  6d. 
1854.  By  Walton  and  Mackenzie.  8vo.  10s.  6 d. 
1857.  By  Campion  and  Walton.  8vo.  8s.  Gd. 
1860.  By  Routh  and  Watson.  Crown  8vo.  7s.  Gd. 

The  above  books  contain  Problems  and  Ex- 
amples which  have  been  set  in  the  Cambridge 
Henate-houBe  Examinations  at  various  periods 
during  the  last  twelve  years,  together  with  Solu- 
tions of  the  eame.  The"  Solutions  are  in  all  cases 
given  by  the  Examiners  themselves  or  under  their 
sanction. 


By  H.  A.  MORGAN,  M.A. 

Fellow  of  Jesus  College,  Cambridge. 

A Collection  of  Mathemat- 
ical Problems  and  Ex- 
amples, with  Answers. 

190  pp.  (1868).  Crown  8vo.  6s.  6 d. 

This  book  contains  a number  of  problems, 
chiefly  elementary,  in  the  Mathematical  subjects 
usually  read  at  Cambridge.  They  have  been 
selected  from  the  papers  set  during  late  years  at 
Jesus  College.  Very  few  of  them  are  to  be  met 
with  in  other  collections,  and  by  far  the  larger 
number  are  due  to  some  of  the  most  distinguished 
Mathematicians  in  the  University. 
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By  JOHN  E.  B.  MAYOR,  M.A. 

Fellow  and  Classical  Lecturer  of  St  John’s  College, 
Cambridge. 

1.  Juvenal. 

With  English  Notes. 

464  pp.  (1854).  Crown  8vo.  cloth.  10a.  6 d. 

“ A School  edition  of  Juvenal,  which,  for  really 
ripe  scholarship,  extensive  acquaintance  with 
I .a  tin  literature,  and  familiar  knowledge  with 
Continental  criticism,  ancient  and  modern,  is  un- 
surpassed, we  do  not  say  among  English  .School- 
books, but  among  English  editions  generally. 
Edinburgh  Review. 


2.  Cicero’s  Second  Philippic 

With  English  Notes. 

168  pp.  (1861).  Fcp.  8vo.  cloth.  5*. 

The  Text  is  that  of  Halm’s  2nd  edition,  (Lelpsig, 
Weidmann,  1858),  with  some  corrections  from 
Madvlg’s  4th  Edition  (Copenhagen,  1858).  Halm’s 
Introduction  has  been  closely  translated,  with 
some  additions.  His  notes  have  been  curtailed, 
omitted,  or  enlarged,  at  discretion;  passages  to 
which  he  gives  a bare  reference,  are  for  the  most 
port  printed  at  length  ; for  the  Greek  extraots  an 
English  version  has  been  substituted.  A large 
body  of  notes,  chiefly  grammatical  and  historical, 
has  been  added  froiii  various  sources.  A list  of 
books  useful  to  the  student  of  Cicero,  a copious 
Argument,  and  an  Index  to  the  introduction  and 
notes,  complete  the  book. 


By  C.  MERIVALE,  B.D. 

Author  of  “A  History  of  Rome,”  &c. 

Sallust. 

With  English  Notes. 

Second  Edition.  172  pp.  (1868).  Fcap. 
8 vo.  4s.  6 <1. 

“ This  School  edition  of  Sallust  is  precisely  what 
the  School  edition  of  a Latin  author  ought  to  be. 
No  useless  words  are  spent  in  it,  and  no  wards 
that  could  be  of  use  are  spared.  Tha  text  haB 
been  carefully  collated  with  the  best  editions.  It 
is  printed  in  a largo  bold  type,  which  manifests 
a just  regard  for  the  young  eyes  that  ore  to  work 
upon  it : under  the  text  there  flows  through  every 
page  a full  current  of  extremely  well-selected 
annotations.” — Thk  Examiner. 

The  “ Catilina”  and  “ Jvccrtha’’  may  be  had 
separately,  price  2s.  6 d.  each,  bound  in  cloth. 


AND  SCHOOLS.  7 

The  Cambridge  Year  Book 

AND  UNIVERSITY  ALMANACK 
For  1862. 

Crown  8yo.  228  pp.  price  2 8.  6 d. 

The  specific  features  of  this  annual  publication 
will  be  obvious  at  a glance,  and  its  value  to 
teachers  engaged  in  preparing  students  for,  and  to 
parents  who  are  sending  their  sons  to,  the  Uni- 
versity, and  to  the  public  generally  will  be  clear. 

1.  The  whole  mode  of  proceeding  in  entering 
a student  at  the  University  and  at  any  particular 
College  is  stated. 

2.  The  course  of  the  studies  as  regulated  by  the 
University  examinations,  the  manner  of  these  ex- 
aminations, and  the  specific  subjects  and  times  for 
the  year  1862  are  given. 

3.  A complete  account  of  all  Scholarships  and 
Exhibitions  at  the  several  Colleges,  their  value,  and 
the  means  by  which  they  are  gained. 

4.  A brief  summary  of  all  Graces  of  the  Senate, 
Degrees  conferred  during  the  year  1861,  and  Uni- 
versity news  generally  are  given. 

5 The  Regulations  for  the  Local  Examination 
of  those  who  are  not  members  of  the  University, 
to  be  held  this  year,  with  the  names  of  the  books 
on  which  the  Examination  will  be  based,  and  the 
date  on  which  the  Examination  will  be  held. 


Cambridge  University 
Examination  Papers, 
1860-1. 

A Collection  of  all  the  Papers  Set  at  the 
Examinations  for  tho  Degrees,  the  various 
Triposes,  and  the  Theological  Certificates 
in  the  University,  with  List  of  Candidates 
Examined  and  of  those  Approved,  and  an 
Index  to  the  Subjects. 

Previous  Examination,  1860 — Previous  Exam- 
ination, 1861 — B.A.  Degree  Examination,  1860— 
B.A.  Degree  Examination,  Jan.  und  May,  1861 — 
Bachelor  of  Laws  Examination,  1860— Bachelor  of 
Laws  Examination,  1861— Bachelor  of  Medicine 
Examinations,  1861— Classical  Tripos,  1861— Moral 
Sciences  Tiipos,  1861 — Natural  Sciences  Tripos, 
1861 — Smith’s  Prixes,  1861 — Chancellor’s  Medals 
for  Legal  and  Classical  Studies,  1861. 


Digitized  by  Google 


8 


CAMBRIDGE  CLASS  BOOKS 


By  J.  HERBERT  LATHAM , M.A. 

Civil  Engineer. 

The  Construction  of 
Wr ought-iron  Bridges. 

Embracing  the  Practical  Application  of  the 
Principles  of  Mechanics  to  Wrought- Iron 
Girder - Work . 

“The  great  merit  of  this  book  is  that  it  deals 
with  practice  more  than  theory.  All  the  calcula- 
tions in  the  book  connected  with  the  strength  of 
girders  are  based  upon  their  actual  application 
which  abounds  in  practical  investigations  into 
girder- work  in  all  its  bearings,  and  will  be 
welcomed  as  one  of  the  most  valuable  contributions 
get  made  to  this  important  branch  of  engineering.” 
— Athexjecm. 

By  J.  WEIGHT,  M.A. 

Head  Master  of  Sutton  Coldfield  School. 

1.  Help  to  Latin  Grammar. 

With  Easy  Exercises , both  English  and 
Latin , Questions  and  Vocabulary. 

175  pp.  (1855).  Crown  8vo.  cloth.  4 s.  &d. 

“ This  book  aims  at  helping  the  learner  to  over- 
step the  threshold  difficulties  of  the  Latin  Gram- 
mar ; and  never  was  there  a better  a'd  offered 
alike  to  teacher  and  scholar  in  that  arduous  pass. 
The  style  is  at  once  familiar  and  strikingly  simple 
and  lucid ; and  the  explanations  precisely  hit  the 
difficulties,  and  thoroughly  explain  them.  It  will 
also  much  facilitate  the  acquirement  of  English 
Grammar.** — English  Journal  of  Education. 


2.  The  Seven  Kings  of  Rome 

A First  Latin  Reading  Boole,  abridged 
from  Livy,  by  the  omission  of  difficult 
passages,  with  Notes  and  Index. 

Second  Edition,  138  pp.  (1857).  Fcap. 

8vo.  cloth.  3 s. 

This  work  is  intended  to  supply  the  pupil  with 
an  easy  Cons  truing- book,  which  may,  at  the  same 
time,  be  made  the  vehicle  for  instructing  him  in 
the  rules  of  grammar  and  principles  of  compo- 
sition. These  branches  of  the  study  of  Latin  seem 
to  the  author  to  have  hitherto  been  kept  too  much 
apart.  Boys  have  construed  their  Delectus,  or  Eu- 
tropius,  or  N epos,  and  have  gone  elsewhere  for 
their  grammatical  exercises.  Nor  can  this  be  won- 
dered at.  An  educated  man  must  feel  positively 
ashamed  of  taking  his  pupils  away  from  our  good 
English  authors,  and  setting  before  him  instead 
a Delectus  or  Eutropins.  lie  therefore  skims  over 
them  as  lightly,  and  escapes  from  them  as  quickly 
as  possible,  and  has  recourse  for  his  composition 
lesson  to  one  of  the  many  Exercise-books  which 
swarm  from  our  educational  press.  To  remedy 
these  evils  this  book  has  been  published.  Here 
Livy  tells  his  own  pleasant  stories  in  his  own 
pleasant  words.  What  is  omitted,  is  that  which 
no  one  can  wish  a beginner  to  learn,  and  which 
may  be  better  learnt  elsewhere.  Let  Livy  be  the 
master  to  teach  a boy  Latin,  not  some  English 
collector  of  sentences,  and  he  will  not  be  found 
a dull  one. 


3.  Hellenica. 

A FIRST  GREEK  READING  BOOK. 

From  Diodorus  and  Thucydides.  With 
Vocabulary. 

Second  Edition.  150  pp.  (1851).  Fcap. 
8vo.  cloth.  3*.  6 d. 

In  the  last  twenty  chapters  of  this  volume, 
Thucydides  sketches  the  rise  and  progress  of  the 
Athenian  Empire  in  so  clear  a style  and  in  such 
simple  language,  that  the  author  doubts  whether 
any  easier  or  more  instructive  passages  can  be  se- 
lected for  the  use  of  the  pupil  who  is  commencing 
Greek. 

4.  Vocabulary  and  Ex- 
ercises on  “ The  Seven 
Kings  of  Rome.” 

94  pp.  (1857).  Crown  8vo.  cloth.  2s.  6 d. 

The  Vocabulary  is  published  apart  from  the 
Text  in  order  to  suit  the  views  of  those  who 
refer  their  pupils  to  consult  a general  dictionarv, 
ut  it  mav  also  be  had  bound  together  with  tnc 
“ Skvrn  Kings  of  Home,’*  if  preferred.  As  the 
aim  of  the  Text  is  to  teach  the  elements  of  grammar, 
so  the  Exercises  are  intended  to  test  the  Pupil’s 
knowledge  of  grammar.  Indeed  there  is  hardly 
an  ordinary  Latin  construction  which  is  not  illus- 
trated in  the  text,  explained  in  the  notes,  and 
proved  in  the  Exercises. 


Elementary  Statics. 

By  the  Rev.  GEOROE  RA  WLINSON, 

Professor  of  Applied  Sciences,  Elphinstone  Coll., 
Bombay. 

Edited  by  the  Rev.  E.  STTJRGES,  M.A. 

Rector  of  Kcncott,  Oxfordshire. 

(150  pp.)  1860.  Crown  8vo.  cloth.  4*.  6 d. 

This  work  is  published  under  the  authority  of 
H.  M.  Secretary  of  State  for  India  for  use  in  the 
Government  Schools  and  Colleges  in  India. 


o 


By  F.  FROST,  Jun.,  M.A. 

Late  Fellow  of  St.  John’s  College,  Cambridge. 

Thucydides.  Book  VI. 

With  English  Notes,  Map  and  Index. 

8vo.  cloth.  7s.  6 d. 

It  ha<  been  attempted  in  this  work  to  facilitate 
the  attainment  of  accuracy  in  translation.  With 
this  end  in  view  the  Text  lias  been  treated  gram- 
matically. 
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By  EDWARD  TURING,  M.A. 

Head  Mnster  of  Uppingham  Grammar  School. 

1.  Elements  of  Grammar 
Taught  in  English. 

With  Questions. 

Third  Edition.  136  pp.  (1860).  Demy 
18mo.  2s. 

2.  The  Child’s  English 
Grammar. 

New  Editton.  86  pp.  (1859).  Demy 
18mo.  Is. 

The  Author’s  effort  in  these  two  hooks  has  been 
to  point  out  the  brood,  beaten,  every-day  path, 
carefully  avoiding  digressions  into  the  byeways 
and  eccentricities  of  language.  This  Work  took 
its  rise  from  questionings  in  National  Schools,  and 
the  whole  of  the  first  part  is  merely  the  writing 
out  in  order  the  answers  to  questions  which  have 
been  used  already  writh  success.  The  study  of 
Grammar  in  English  has  been  much  neglected, 
nay  by  some  put  on  one  side  as  an  impossibility. 
There  was  perhaps  much  ground  for  this  opinion, 
in  the  medley  of  arbitrary  rafts  thrown  before  the 
student,  which  applied  indeed  to  a certain  number 
of  instances,  but  would  not  work  at  all  in  many 
others,  as  must  always  be  the  case  when  principles 
are  not  put  forwurd  in  a language  full  of  ambigui- 
ties. The  present  work  does  not,  therefore,  pre- 
tend to  be  a compendium  of  idioms,  or  a philo- 
logical treatise,  but  a Grammar.  Or  in  other 
words,  its  intention  is  to  teach  the  learner  how  to 
speak  und  write  correctly,  and  to  understand  and 
explain  the  speech  and  writings  of  others.  Its 
success,  not  only  in  National  Schools,  from  practi- 
cal work  in  which  it  took  its  rise,  but  also  in 
classical  schools,  is  full  of  encouragement. 

3.  A First  Latin  Construing 
Book. 

104  pp.  (1855).  Fcap.  8vo.  2s.  6 d. 

This  Constrain*  Book  is  drawn  up  on  the  same 
sort  of  graduated  scale  as  the  Author’s  English 
Orammar.  Passages  out  of  the  best  Latin  Poets 
are  gradually  built  up  into  their  perfect  shape. 
The  lew  words  altered,  or  inserted  as  the  passages 
go  on,  arc  printed  in  Italics.  It  is  hoped  by  this 
plan  that  tho  learner,  whilst  acquiring  the  rudi- 
ments of  language,  may  store  his  mind  with  good 
poetry  and  a good  vocabulary. 

4.  School  Songs. 

A COLLECTION  OF  SONGS  FOR  SCHOOLS. 

WITH  THE  MUSIC  ARRANGED  FOR  FOUR 
VOICES. 

Edited  by  Rev . E.  THRING  <$•  H.  RICCIUS . 
Music  Size.  Is.  6d, 


^Kfcdrgious  <^TIass 

By  C.  J.  FAUGH  AN,  D.D. 

Head  Master  of  Harrow  School. 

St.  Paul’s  Epistle  to  the 
Romans. 

The  Greek  Text  with  English  Notes. 

Second  Edition.  Crown  8vo.  cl.  (1861).  6s. 

By  dedicating  this  work  to  his  elder  Pupils  at 
Harrow,  the  Author  hopes  that  he  sufficiently 
indicates  what  is  and  what  is  not  to  be  looked  for 
in  it.  He  desires  to  record  his  impression,  de- 
rived from  the  experience  of  many  years,  that  the 
Epistles  of  the  New  Testament,  no  less  than  the 
Gospels,  are  capable  of  furnishing  useful  and 
solid  instruction  to  the  highest  classes  of  our 
Public  Schools.  If  thev  are  taught  accurately,  not 
controversially ; positively,  not  negatively ; au- 
thorafcively,  yet  not  dogmatically ; taught  with 
close  and  constant  reference  to  their  literal  mean- 
ing, to  the  connexion  of  their  parts,  to  the  sequence 
of  their  argument,  as  well  as  to  their  moral  and 
spiritual  instruction  ; they  will  interest,  they  will 
inform,  they  will  elevate ; they  will  inspire  a reve- 
rence for  Scripture  never  to  be  discarded,  they 
will  awaken  a desire  to  drink  more  deeplv  of  the 
Word  of  God,  certain  hereafter  to  bo  gratified  and 
fulfilled. 

o 

Notes  for  Lectures  on  Confirma- 
tion : With  Suitable  Prayers.  By 
C.  J.  VAUGHAN,  D.D.  Fourth  Edition. 
70  pp.  (1862).  Fcp.  8vo.  Is.  6 d. 

The  Church  Catechism  IHustrated 
and  Explained.  By  ARTHUR 
RAMSAY,  M.A.  18mo.  cloth. 

Hand-Book  to  Butler’s  Analogy. 

By  C.  A.  SWAINSON,  M.A.  55  pp. 
(1856).  Crown  8vo.  1*.  6 d. 

History  of  the  Christian  Church 
during  the  First  Three  Cen- 
turies, and  the  Reformation  in 
England.  By  W.  SIMrSON,  M.A. 
307  pp.  (1857).  Fcp.  8vo.  cloth.  5s. 

Analysis  of  Paley’s  Evidences  of 
Christianity.  By  CHARLES  H. 
CROSSE,  M.A.  115  pp.  (1865).  18mo. 
3s.  6 d. 


Digitized  by  Google 


10 


ianuals  £ar  Cjjtalfigral  Stitknts. 


UNIFORMLY  PRINTED  AND  BOUND. 


This  Series  of  Theological  Manuals  has  been  published  with  the  aim  of 
supplying  Books  concise,  comprehensive,  and  accurate,  convenient  for 
the  Student,  and  yet  interesting  to  the  general  reader. 


1.  History  of  the  Christian  Church 
during  the  Middle  Ages.  By 

Archdeacon  HARDWICK.  Second 
Edition.  482  pp.  (1861).  With  Maps. 
Crown  8vo.  cloth.  10*.  6 d. 

This  Volume  claims  to  be  regarded  as  on  integral 
and  independent  treatise  on  the  Mediaeval  Church. 
The  History  commences  with  the  time  of  Gregory 
the  Great,  because  it  is  admitted  on  all  hands  that 
his  pontificate  became  a turning-point,  not  only  in 
the  fortunes  of  the  Western  tribes  and  nations,  but 
of  Christendom  at  large.  A kindred  reason  has 
suggested  the  propriety  of  pausing  at  the  year 
1620,— the  year  when  Luther,  having  been  ex- 
truded from  those  Churches  that  adhered  to  the 
Communion  of  the  Pope,  established  a provisional 
form  of  government  and  opened  a fresh  era  in  the 
history  of  Europe. 

2.  History  of  the  Christian  Church 
during  the  Reformation.  By 
Akchdeacon  HARDWICK.  459  pp. 
(1856).  Crown  8vo.  cloth.  10*.  6 d. 

This  Work  forms  a Sequel  to  the  Author's  Book 
on  The  Middle  Ages.  The  Author’s  wish  has  been 
to  give  the  reader  a trustworthy  version  of  those 
stirring  incidents  which  mark  the  Reformation 
period. 

3.  History  of  the  Book  of  Common 
Prayer.  With  a Rationale  of  its  Offi- 
ces. By  FRANCIS  PROCTER,  M.A. 
Fifth  Edition.  464  pp.  (1860).  Crown 
8vo.  cloth.  10*.  6 d. 

The  Subject  of  this  Book  has  been  already 
treated  by  numerous  writers  of  distinction.  When 
tho  present  series  of  Manuals  was  projected,  it  did 
not  appear  that  any  one  of  the  existing  volumes 
taken  singly  was  available  for  the  desired  object. 


In  the  oourso  of  the  last  twenty  years  the  whole 
question  of  liturgical  knowledge  has  been  reopened 
with  great  learning  and  accurate  research,  and  it  is 
mainly  with  the  view  of  epitomizing  their  extensive 
publications,  and  correcting  by  their  help  the 
errors  and  misconceptions  which  had  obtained 
currency,  that  the  present  volume  has  been  put 
together. 

4.  History  of  the  Canon  of  the  New 
Testament  during  the  First 
Four  Centuries.  By  BROOKE 
FOSS  WESTCOTT,  M.A.  594  pp. 
(1855).  Crown  8vo.  cloth.  12*.  6 d. 

The  Author  has  endeavoured  to  connect  the 
history  of  the  New  Testament  Canon  with  the 
growth  and  consolidation  of  the  Catholic  Church, 
and  to  point  out  the  relation  existing  between  the 
amount  of  evidence  for  the  authenticity  of  it*  com- 
ponent part*  and  the  whole  mass  of  Christian 
literature.  Such  a method  of  inquiry  will  convey 
both  the  truest  notion  of  the  connexion  of  the 
written  Word  with  the  living  Body  of  Christ,  and 
the  surest  oonviction  of  its  divine  authority. 


5.  Introduction  to  the  Study  of  the 
GOSPELS.  By  BROOKE  FOSS 
WESTCOTT,  M.A.  458  pp.  (1860). 
Crown  8vo.  cloth.  10*.  6 d. 

The  title  of  this  book  will  explain  the  chief  aim 
which  the  Author  had  in  view.  It  is  intended  to 
be  an  Introduction  to  the  Study  of  the  Gospels. 
The  Author  has  therefore  confined  himself  in  many 
cases  to  the  mere  indication  of  lines  of  thought  and 
inquiry  from  the  conviction  that  truth  is  felt  to  be 
more  precious  in  proportion  as  it  is  opened  to  us  by 
our  own  work.  In  a subject  which  involves  so 
vast  a literature  much  must  have  been  overlooked ; 
but  the  Author  lias  made  it  a point  at  least  to  study 
the  researches  of  the  great  writers,  and  consciously 
to  neglect  none. 
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BOOKS  SUITABLE  FOR  SCHOOL  PRIZES. 

KEPT  IN  VARIOUS  BINDINGS  BY  THE  PUBLISHERS. 


THE  GOLDEN  TREASURY  OF  THE  BEST  SONGS  AND  LYRICAL 

POEMS  IN  TUE  ENGLISH  LANGUAGE.  Cloth,  4s.  6 d„  morocco  plain,  7s.  6 d.,  extra, 
10s.  6d. 

THE  CHILDREN’S  GARLAND  FROM  THE  BEST  POETS.  Cloth, 

4 *.  6 d.  morocco  plain,  7*.  Gd.,  extra,  10*.  Gd. 

BUNYAN’S  PILGRIM’S  PROGRESS.  Cloth,  4s.  Gd.,  morocco  plain, 

7 8.  Gd.,  extra,  10*.  Gd. 

TOM  BROWN’S  SCHOOL  DAYS.  Br  An  Old  Boy.  Seventh  Edition. 

Fcap.  8vo.  cloth,  5*.,  calf,  9 s.f  morocco,  11*. 

THE  HEROES ; or  GREEK  FAIRY  TALES.  By  Charles  Kingsley, 

Rector  of  Eversley.  Second  Edition,  with  Eight  Illustrations.  Imperial  16mo.  cloth, 
grilt  leaves,  5*.,  calf,  9*.  Gd.,  morocco,  12*. 

DAVID,  KING  OF  ISRAEL;  Readings  for  the  Young.  With 

Six  Illustrations.  By  J.  Wright,  M.  A.  Imp.  lGmo.  cloth,  5s.,  calf,  9j.  Gd.,  mor.  12s. 

LITTLE  ESTELLA  AND  OTHER  FAIRY  TALES.  Imp.  16mo. 

cloth,  os.,  calf,  9s.  Gd.,  mor.  12s. 

PAULI’S  PICTURES  OF  OLD  ENGLAND.  Crown  8vo.  cloth, 

8*.  Gd.,  calf,  13*.  Gd.,  mor.  16*.  Gd. 

DAYS  OF  OLD:  STORIES  FROM  OLD  ENGLISH  HISTORY 

of  the  Druids,  Anglo-Saxons,  and  the  Crusaders.  By  the  Author  of  Ruth  and  Her 
Friends.  Cloth,  6 *.,  calf,  9*.  Gd.,  mor.  12*. 

RUTH  AND  HER  FRIENDS.  A Story  for  Girls.  Third  Edition. 

Cloth,  5s.,  calf,  9s.  6<Z.,  mor.  12s. 

OUR  YEAR:  A Child’s  Book  in  Prose  and  Verse.  By  the  Author 

of  “John  Halifax."  Numerous  Illustrations.  Royal  16mo.  cloth,  gilt  leaves,  6*.,  calf, 
9*.  Gd.,  mor.  12*. 

EARLY  EGYPTIAN  HISTORY  FOR  THE  YOUNG.  With  Descrip- 

tion  of  the  Tombs  and  Monuments.  Fcp.  8vo.  cloth,  5*.,  calf,  9s.  6d.,  mor.  12*. 

WESTWARD  HO ! THE  ADVENTURES  OF  SIR  AMYAS  LEIGH 

in  the  Reign  of  Elizabeth.  Third  Edition.  By  Charles  Kingsley.  Crown  8vo.  cloth,  6s. 
calf,  Us.,  mor.  14s. 

TWO  YEARS  AGO.  By  Charles  Kingsley.  Third  Edition.  Crown 

8 vo.  cloth,  6*.,  calf,  11*.,  mor.  14*. 

THE  RECOLLECTIONS  OF  GEOFFRY  HAMLYN.  By  Henry 

Kinoslby.  Second  Edition.  Crown  8vo.  cloth,  6s.,  calf,  Us.,  mor.  14s. 

GLAUCUS ; or,  WONDERS  OF  THE  SHORE.  By  Charles  Kingsley. 

Illustrated  Edition,  containing  Coloured  Illustrations  of  the  objects  mentioned  in  the 
Work.  Imp.  16mo.  cloth,  gilt  leaves,  7*.  Gd.,  calf,  12*..  mor.  14*.  Gd. 

ESSAYS,  CHIEFLY  ON  ENGLISH  POETS.  By  David  Masson,  M.A. 

8vo.  cloth,  12s.  6<!.,  calf,  18s.,  mor.  22s.  fid. 

ARCHER  BUTLER’S  HISTORY  OF  ANCIENT  PHILOSOPHY. 

2 Yols.  8vo.  cloth,  If.  5s.,  calf,  If.  16s.,  mor.  2 f.  5s. 

HISTORY  OF  THE  CANON  OF  THE  NEW  TESTAMENT.  By 

B.  F.  Westcott,  M.A.  Third  Edition.  Crown  8vo.  cloth,  12s.  6d.,calf,  17s.  6d.,  mor.  If.  6s. 

INTRODUCTION  TO  THE  STUDY  OF  THE  GOSPELS.  By 

B.  F.  Westcott,  M.A.  Crown  8vo.  cloth,  10s.  6d.,  calf,  15s.  6d.,  mor.  18s.  6d. 

GEORGE  BRIMLEY’S  ESSAYS.  Second  Edition.  Fcp.  8vo.  cloth, 

5s.,  calf,  9s.,  mor.  Us. 

THE  PLATONIC  DIALOGUES  FOR  ENGLISH  READERS.  By 

W.  WIIEWELL,  D.D.  3 vols.  Fcp.  8vo.  cloth.  21s.  6d.,  calf,  35s.,  mor.  42s.  6d. 
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MACMILLAN  & CO.’S 

ELEMENTARY  SCHOOL  CLASS  BOOKS. 
Euclid  for  Colleges  and  Schools. 

By  I.  TODHUNTER,  M.A.,  F.R.S.,  Fellow  and  Principal  Mathematical 
Lecturer  of  St.  John’s  College,  Cambridge.  [Nearly  Ready. 

* * * This  work,  which  will  form  a volume  of  Macmillan  and  Co’s  Elementary 
School  Class  Books,  will  be  handsomely  printed  in  18»i«.  and  all  the  volumes 
of  the  series  will  be  published  at  a low  price , to  ensure  an  extensive  sale  in  the 
Schools  of  the  United  Kingdom  and  the  Colonies. 

The  following  will  form  early  volumes  in  this  Series  : 

An  Elementary  History  of  the  Prayer-Book. 

By  FRANCIS  PROCTER,  M.A.,  Vicar  of  Witton,  Norfolk,  formerly  Fellow 
of  St.  Catharine’s  College,  Cambridge.  [Nearly  Heady. 

The  School  Class  Book  of  Arithmetic. 

By  BARNARD  SMITH,  M.A.,  Fellow  of  St.  Peter’s  College,  Cambridge. 

Elementary  Latin  Grammar. 

By  H.  J.  ROBY,  M.A.,  Assistant  Master  in  Dulwich  College,  formerly  Fellow 
of  St.  John’s  College. 

The  Bible  Word-Book. 

A Glossary  of  old  English  Bible  Words,  with  Illustrations.  By  J.  EASTWOOD, 
M.A.,  St.  John’s  College,  Cambridge,  and  Incumbent  of  Hope,  and  W.  ALDIS 
WRIGHT,  M.A.,  Trinity  College,  Cambridge. 

*.*  Other  Volumes  will  be  announced  in  due  course. 

FORTHCOMING  BOOKS. 

An  Elementary  Treatise  on  the  Planetary  Theory. 

By  C.  H.  H.  CnEYNE,  B.A.,  Scholar  of  St.  John’s  College.  [In  the  Press. 

An  Elementary  Treatise  on  Natural  Philosophy. 

By  WILLIAM  THOMSON,  LL.D.,  F.R.S.,  late  Fellow  of  St.  Peter’s  College, 
Cambridge,  Professor  of  Natural  Philosophy  in  the  University  of  Glasgow;  and 
PETER  GUTHRIE  TAIT,  M.A.,  late  Fellow  of  St.  Peter’s  College,  Cambridge, 
Professor  of  Natural  Philosophy  in  the  University  of  Edinburgh.  With  numerous 
Illustrations.  ' [Preparing. 

An  Elementary  Treatise  on  Quaternions. 

With  numerous  Examples.  By  P.  G.  TAIT,  M.A.,  Professor  of  Natural  Phi- 
losophy in  the  University  of  Edinburgh.  [Preparing. 

A Treatise  on  Geometry  of  Three  Dimensions. 

By  PERCIYAL  FROST,  M.A.,  St.  John’s  College,  and  JOSEPH  WOL8TEN- 
HOLME,  M.A.,  Christ’s  College,  Cambridge.  [In  the  Press. 

The  First  Portion  has  been  issued  for  the  convenience  of  Cambridge  Students. 

First  Book  of  Algebra.  For  Schools. 

By  J.  C.  W.  ELLIS,  M.A.,  and  P.  M.  CLARK,  M.A.,  Sidney  Sussex  College, 
Cambridge.  . [Preparing. 

The  New  Testament  in  the  Original  Greek. 

Text  revised  by  B.  F.  WESTCOTT,  M.A.,  and  F.  J.  HORT,  M.A.,  formerly 
Fellows  of  Trinity  College. 

Aristotelis  de  Rhetorica. 

With  Notes  and  Introduction.  By  E.  M.  COPE,  M.A.,  Fellow  and  Assistant 
Tutor  of  Trinity  College,  Cambridge.  * 


